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NOTE  TO  THE  REVISED  EDITION 

This  work  has  again  been  thoroughly  revised,  and  considerable 
effort  has  been  made  to  bring  the  book  once  more  into  line  with 
current  practice.  Electrical  Engineering  has,  however,  made 
such  strides  during  the  past  few  years  that  it  is  now  a  much 
more  difficult  matter  than  when  this  book  was  first  written  to 
satisfactorily  cover  the  whole  field  in  a  single  volume.  Instead 
of  making  extensive  sacrifices  in  the  fundamental  parts  of  the 
subject,  in  order  to  obtain  space  to  mention  every  branch,  important 
or  unimportant,  of  Electrical  Engineering,  we  have  striven  as  here- 

(^  tofore  to  enable  the  student  to  obtain  a  perfectly  sound  knowledge 

of  direct  and  alternating  currents,  the  machinery  and  apparatus 
connected  therewith,  and  the  more  important  applications  thereof. 
It  will,  perhaps,  be  noticed  that  certain  appliances,  such  as  open  coil 
dynamos,  which  are  now  obsolescent,  and  in  fact  almost  obsolete, 
have  been  allowed  to  remain.  This  course  has  been  followed  for 
two  reasons,  the  first  being  that  they  afford  useful  object  lessons  in 
the  development  of  the  subject,  and  the  second  that,  although  the 
manufacturer  regards  them  as  things  of  the  past,  there  are  still 
many  examples  in  actual  use. 

We  are  glad  that  it  has  not  been  found  necessary  to  alter  either 
the  character  or  the  general  arrangement  of  the  book,  circum- 
stances which  have  enabled  us  to  continue  to  aim  at  simplicity 

^         in  language  and  clearness  in  definition   in   order  to  make   the 

i         student's  progress  easy,  pleasant,  and  certain. 

futu  1.908. 


358981 


PREFACE 

TO 

THE     FIRST     EDITION 


We  have  frequently  been  asked  by  artisans  and  students  to 
recommend  a  single  work  covering  the  whole  field  of  Electric 
Lighting.  Our  inability  to  comply  with  this  request  has  prompted 
us  to  endeavour  to  fill  such  a  palpable  gap  in  the  literature  of 
technical  science.  We  have  designed  this  book  to  cover  the 
extensive  syllabus  of  the  City  and  Guilds  of  London  Institute,  and 
have  so  enlarged  its  scope  as  to  make  it  embrace  the  requirements 
not  only  of  those  actually  employed  in  the  electric  lighting  in- 
dustry, but  also  of  those  who,  while  having  little  or  no  electrical 
knowledge,  have  under  their  supervision  various  kinds  of  electrical 
machinery.  The  work  should  therefore  prove  of  service  to  such 
men  as  marine,  railway,  and  tramway  engineers,  naval  officers, 
municipal  officials,  and  managers  of  mines  and  factories. 

We  recognise  to  the  full  the  fact  that,  as  a  rule,  the  most 
successful  electrical  engineers  are  evolved  from  good  mechanical 
engineers,  and  have  striven  to  give  our  readers,  even  though  they 
may  possess  no  previous  electrical  knowledge,  a  clear  insight  into 
the  purely  scientific  as  well  as  the  practical  part  of  the  subject. 
Every  effort  has,  however,  been  made  to  embrace  only  the  essen- 
tial branches  of  the  pure  science,  omitting  those  which,  while 
interesting  and  serviceable  in  othei  fields,  are  not  required  in 
electric  lighting  or  the  electrical  transmission  of  power.  It  is 
hoped  also  that  we  have  succeeded  in  the  difficult  task  of  explain- 
ing the  subject  clearly  and  in  simple  language.  The  close  con- 
nection between  the  three  kinds  of  electrical  phenomena,  static  or 
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frictional,  dynamic  or  current,  and  magnetic,  has  been  carefully 
explained  and  made  to  follow  naturally.  It  is  believed  that  the 
fact  that  magnetism  is  primarily  but  a  consequence  of  dynamic 
electricity,  or  the  more  or  less  permanent  effect  on  certain  sub- 
stances of  an  electrical  disturbance,  instead  of  being  a  separate 
and  distinct  series  of  phenomena,  has  not  hitherto  been  so  plainly 
and  unhesitatingly  expressed.  It  is  our  firm  conviction  that,  in 
the  near  future,  this  view  of  the  question  is  the  one  which  will  be 
universally  adopted.  The  conception  of  *  lines  of  force '  is  one  of 
great  value  to  the  student,  and  he  will  find  them  here  reasoned 
about  as  having  a  tangible  existence.  It  would  be  impossible  to 
describe  every  piece  of  apparatus  or  machinery  in  actual  use,  and 
we  have  selected  those  which,  while  having  proved  in  practice  to 
be  among  the  best  in  their  respective  classes,  also  serve  to  illus- 
trate in  the  clearest  manner  the  laws  and  principles  involved. 
In  a  few  cases,  however,  the  apparatus  can  scarcely  be  said  to 
have  been  successfully  applied,  but  they  have  been  introduced  as 
indicating  the  highest  present  developments  in  directions  in  which 
success  will  probably  be  attained. 

Although  primary  batteries  are  not  used  to  any  great  extent 
in  electric  lighting,  except  for  testing  and  other  similar  operations, 
yet  a  considerable  amount  of  space  has  been  devoted  to  them, 
and  to  the  experiments  which  can  readily  be  performed  by  their 
aid,  because  long  experience  has  taught  us  that  they  afford  in  the 
readiest  way  a  clear  insight  into  the  fundamental  principles  of  the 
science  and  the  various  laws  so  far  discovered. 

An  unusually  large  number  of  the  explanations  have  been 
based  upon  Ohm's  law  and  its  consequences.  Mathematical 
formulae  and  explanations  have,  where  possible,  been  avoided; 
where  they  do  occur  they  are  invariably  simple,  and  are  generally 
accompanied  by  arithmetical  examples.  As  they  merely  supple- 
ment the  ordinary  explanations,  they  can  usually  be  ignored 
without  the  meaning  being  missed ;  but  those  able  to  solve  a 
simple  equation  will  find  very  little  indeed  which  cannot  easily  be 
followed. 
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CHAPTER  I 

CURRENT — POTENTIAL — CAPACITY — CONDUCTORS —INSULATORS 

When  a  stick  of  sealing-wax  is  rubbed  with  a  piece  of  dry  fur  or 
flannel,  the  wax  acquires  the  power  of  attracting  to  itself  any  light 
substances  that  may  be  in  its  vicinity.  By  taking  suitable  precau- 
tions a  like  power  can  be  detected  in  the  fur  or  flannel.  Similar 
phenomena  can  also  be  produced  by  the  rubbing  together  ot 
other  substances,  such  as  glass  and  silk,  indiarubber  and  silk, 
brown  paper  and  a  bristle  clothes-brush.  A  body  which  exhibits 
this  power  of  attraction  is  said  to  be  endowed  or  charged  with 
electricity,  or  to  be  electrified. 

But  there  are  two  electrical  states,  and  this  can  be  easily 
proved ;  for  if  by  means  of  a  foot  or  so  of  silk  ribbon  we  suspend 
the  electrified  sealing-wax  and  bring  near  it  another  electrified 
stick  of  sealing-wax,  repulsion  ensues — that  is  to  say,  the  suspended 
rod  recedes  from  the  approaching  one.  On  the  other  hand,  if 
certain  necessary  precautions  have  been  taken  to  prevent  the 
neutralisation  or  escape  of  the  electricity  that  was  generated  on 
the  fur  or  flannel  rubber,  it  will  be  seen  that,  on  bringing  it  near 
the  suspended  sealing-wax,  attraction  takes  place.  A  similar 
result  would  follow  if  a  warm  glass  rod  were  rubbed  with  a  piece 
of  dry  silk  and  then  brought  near  the  sealing-wax.  On  suspend- 
ing, however,  the  electrified  glass  and  bringing  the  electrified  fur 
near  it,  repulsion  would  take  place.  It  is  manifest,  then,  that  as 
electrified  glass  attracts  electrified  sealing-wax,  but  is  repelled  by 
or  repels  electrified  fur,  there  are  two  electrical  states,  one  on  the 
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sealing-wax,  which  is  called  negative,  and  the  other  on  the  fur, 
which  is  called  positive.  It  is  also  clear  that  bodies  similarly 
electrified  are  mutually  repellent,  while  bodies  dissimilarly  elec- 
trified are  mutually  attractive.  This  matter  will  again  be  referred 
to,  but  the  points  to  which  especial  attention  is  now  directed 
are,  first,  that  whenever  any  two  bodies  are  rubbed  together,  the 
positive  electrification  developed  on  the  one  body  is  always  equal 
in  amount  to  the  negative  electrification  on  the. other;  and, 
secondly,  that  the  amount  of  electrification  developed  by  rubbing 
the  two  bodies — say  sealing-wax  and  fur — together  bears  no  direct 
relation  to  the  amount  of  actual  friction  to  which  the  bodies  are 
subjected,  for  what  appears  to  be  really  essential  in  order  to 
obtain  the  highest  possible  degree  of  electrification  is  to  bring 
every  portion  of  the  one  surface  into  intimate  contact  with  every 
superficial  particle  of  the  other,  and  when  that  is  done,  no  extra 
amount  of  rubbing  or  friction  can  develop  any  further  degree  of 
electrification. 

Speaking  generally,  then,  it  may  be  said  that  when  any  two 
bodies  are  rubbed  together  electricity  is  produced,  although  it 
frequently  happens  that  the  amount  is  so  small  as  to  render  its 
detection  very  difficult.  If,  however,  delicate  apparatus,  which  we 
will  not  pause  here  to  describe,  be  employed,  very  feeble  charges 
can  be  indicated.  In  fact,  if  a  piece  of  zinc  and  a  piece  of  copper 
are  simply  placed  in  contact,  the  feeble  charge  of  electricity  then 
developed  can  be  rendered  evident.  If  the  same  pieces  of  metal 
are  dipped  in  saline  or  acidulated  water,  without  being  allowed  to 
touch  each  other,  a  similar  result  follows,  although  in  this  case  the 
water  itself  becomes  an  important  factor  in  determining  the  resul- 
tant electrification.  The  end  of  the  zinc  outside  the  liquid  will  be 
found  to  possess  properties  similar  to  those  of  the  sealing-wax 
after  it  has  been  rubbed  with  fur.  It  is,  therefore,  said  to  be 
negatively  electrified.  The  copper,  on  the  other  hand,  will  have 
an  electrical  state  similar  to  that  of  the  fur  itself,  or  of  the  glass 
which  has  been  rubbed  with  silk,  and  it  is  therefore  said  to  be 
positively  electrified. 

It  follows  that  whether  the  manifestation  of  electricity  is  the 
result  of  so-called  friction,  whether  it  is  a  consequence  of  the 
simple  contact  of  two  dissimilar  bodies,  or  whether  it  is  the  result 
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of  some  physical  or  chemical  change,  it  is  with  precisely  the  same 
phenomena  that  we  have  to  deal.  As  we  shall  learn  later  on, 
electrification  may  be  set  up  in  a  variety  of  other  ways,  but  the 
law  of  equal  positive  and  negative  electrification  always  holds 
good. 

It  may  be  accepted  as  a  general  fact  that  when  the  same  kind 
of  force  is  bestowed  upon  two  adjacent  points  or  bodies,  but  to  a 
different  extent  in  the  one  case  as  compared  with  the  other,  there 
is  a  universal  tendency  to  equalise  the  distribution  of  the  force — 
that  is  to  say,  to  produce  equilibrium ;  and  this  equilibrium  will 
always  be  established  when  the  conditions  become  such  as  to 
render  it  possible.  Reverting  again  to  the  zinc  and  copper  plates 
partly  immersed  in  water,  the  exposed  ends  will  be  electrified 
differently,  and  there  will  in  consequence  be  a  tendency  to 
produce  equilibrium,  or,  as  it  is  more  generally  called,  neutralisa- 
tion. This  will  be  accomplished  if  the  necessary  facilities  are 
afforded,  and  until  this  is  done  the  intervening  space  will  be  sub- 
jected to  what  may  be  called  an  electrical  stress,  resulting  from  the 
effort  to  effect  neutralisation.  It  is  found  by  experiment  that 
a  piece  of  metal  affords  the  readiest  means  of  relieving  the  strain 
due  to  this  stress,  thus  facilitating  neutralisation,  for  on  joining 
the  two  plates  together,  say  by  a  piece  of  copper  wire,  a  momen- 
tary rush  of  electricity  from  the  one  to  the  other  will  take  place. 
This  phenomenon  is  that  which  is  generally  known  as  discharge 
and  it  affects  the  whole  combination,  including  the  liquid  and  the 
metal  surfaces  in  contact  with  it. 

This  brief  spasmodic  flow  or  rush  of  electricity,  whose  function 
it  is  to  restore  the  electrical  equilibrium,  causes,  however,  a  series 
of  chemical  changes  to  take  place  in  the  liquid  itself,  among  other 
things  a  portion  of  the  zinc  being  dissolved  and  converted  into 
what  is  called  a  salt  of  that  metal.  These  chemical  reactions 
cause  in  their  turn  a  fresh  electrical  difference  between  the  plate?, 
which  is  followed  immediately  by  another  equilibrating  flow,  and 
that  by  a  further  electrical  difference,  and  so  on.  The  changes 
follow  one  another  in  exceedingly  rapid  succession — so  rapid,  in 
fact,  that  it  is  a  matter  of  impossibility  to  distinguish  them 
separately,  and  we  have  consequently  what  appears  to  us  as,  and 
what  is  known  as,  a  continuous  '  current '  of  electricity. 
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A  little  reflection  will  make  it  evident  that  by  following  out 
the  line  of  experiment  and  deductions  here  indicated  the 
so-called  single  and  double  fluid  theories  of  electricity  may 
both  be  disregarded;  they  are  unnecessary  and  involve  con- 
siderations and  concessions  which  are  not  warranted  by  the 
circumstances.  In  point  of  fact,  electricity  is  not  a  fluid  at  all, 
and  only  in  a  few  of  its  attributes  is  it  at  all  comparable  to  a 
fluid. 

Let  us  rather  consider  electricity  to  be  simply  a  manifestation 
of  energy  which  imparts  to  material  substances  a  peculiar  state  or 
condition,  and  that  all  such  substances  partake  more  or  less  of 
this  condition,  just  as  we  say  that  all  bodies  are  heated,  although 
to  varying  degrees,  and  that  in  virtue  of  this  heat  their  particles 
are  set  into  more  or  less  rapid  vibration. 

Moreover,  as  in  the  case  of  a  heated  body,  there  is  a  region 
surrounding  an  electrified  body  in  which  the  force  due  to  the 
tendency  to  produce  electrical  equilibrium  can  be  made  evident 
This  is  shown  by  the  fact  already  referred  to,  that  two  bodies  in 
a  similar  electrical  state  repel  one  another,  while  others  in  different 
electrical  states  attract.  It  is  inconceivable  that  such  an  effect 
as  the  imparting  of  motion  to  a  mass  of  matter  can  be  produced 
without  the  aid  of  some  medium  capable  of  transmitting  the  force. 
What  this  medium  actually  is  is  a  matter  of  doubt,  and  so  also  is 
the  mode  or  method  of  transmission.  In  such  circumstances  it 
becomes  convenient  to  picture  to  ourselves  the  propagation  by 
means  of  lines  of  force,  traversing  an  infinitely  elastic,  imponderable 
medium,  or  substance,  as  it  is  sometimes  called,  which  is  assumed 
to  pervade  all  matter  and  all  space,  and  which  is  known  as  *  ether.' 
Even  though  these  lines  of  force  may  have  no  actual  existence,  the 
conception  is,  nevertheless,  exceedingly  useful,  and  facilitates  an 
accurate  estimation  of  the  way  in  which  electrical  phenomena  are 
set  up,  so  much  so  that  the  idea  imperceptibly  grows  upon  the 
student,  and  to  him  the  lines  of  force  become  endowed  with  a 
definite  meaning. 

There  are  three  features  about  these  lines  of  force  to  which 
we  may  draw  attention.  In  the  first  place,  their  assumed  position 
indicates  the  path  along  which  the  action  takes  place ;  secondly, 
their  direction  in  this  path  indicates  the  direction  in  which  the 
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force  is  transmitted;  and,  thirdly,  their  density,  or  the  number 
occupying  a  given  space,  measures  the  strength  or  magnitude  of 
the  force.  Having  given  to  these 
lines  of  force  position,  direction, 
and  density,  we  can  predict  the 
result  which  should  follow  in  any 
given  electrified  region  or  elec- 
trical field.  For  the  action  is 
always  such  as  would  result  if 
the  lines  of  force  universally 
tended  to  coincide  in  direction, 
and  then  to  shorten  themselves, 
the  magnitude  of  the  action  being 
simply  dependent  upon  the  den- 
sity of  the  lines. 

In  the  case  of  an  electrified 
sphere  suspended  somewhere  in 

space  and   remote  from   every  disturbing  element,  the   lines  of 
force  would  be  radial  and  equidistant  in  position,  their  density 
at  any  point  would  depend  upon 
the  degree  of  the  electrification  or  fig.  2 

the  quantity  of  the  charge,  while 
their  direction — that  is,  radially 
inwards  or  radially  outwards — 
would  depend  upon  whether  the 
charge  were  negative  or  positive. 

Let  us  assume  a  positively 
charged  sphere  (fig.  1)  to  be  sus- 
pended, with  its  lines  of  force 
directed  outwards,  and  a  second 
sphere,  negatively  charged  (fig.  2), 
with  its  inwardly  directed  lines 
of  force,  to  be  brought  into  the 
vicinity  of  the  first  sphere.     In 

consequence  of  the  tendency  to  coincide  in  direction,  many  of 
the  lines  of  force  of  the  two  spheres  will  bend  or  turn  round  and 
concentrate  themselves  within  the  space  intervening  between  the 
spheres  in  the  manner  shown  in  fig.  3.     These  lines  of  force  will 
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now  be  similar  in  direction,  and,  owing  to  the  shortening  tendency 
above  referred  to,  attraction  results. 

The  attraction,  presuming  it  to  be  sufficiently  strong,  will 
impart  motion  to  one  or  both  of  the  spheres,  or,  in  other  words, 
work  will  be  performed.  Now,  this  capacity  for  doing  work  arises 
solely  from  the  electrification,  and  the  quantity  of  work  performed 
is  proportional  to  the  degree  of  electrification.  But  *  capacity  for 
doing  work '  and  '  potential '  are  convertible  terms — that  is  to  say, 
anything  which  possesses  the  capacity  for  doing  work  may  be  said  to 
have  a  certain  amount  of  potential  energy  ;  consequently  the  degree 
of  electrification  of  any  body  is  known  as  its  electrical  potential. 

Fig.  3 


We  have  previously  said  that  the  tendency  to  produce,  between 
two  electrified  points  or  bodies,  a  state  of  electrical  equilibrium  is 
proportional  to  the  difference  of  their  degrees  of  electrification.  In 
technical  language  this  is  expressed  as  being  proportional  to  their 
difference  of  electrical  potential.  Therefore  in  the  case  of  the  zinc 
and  copper  plates  immersed  in  acidulated  water,  the  flow  of  elec- 
tricity from  the  exposed  end  of  the  copper,  through  the  connecting 
wire  to  the  exposed  end  of  the  zinc,  is  correctly  described  as  being 
due  to  a  difference  of  potential  between  those  ends. 

If  the  student  has  grasped  what  has  already  been  said,  he  will 
be  able  to  readily  apply  the  doctrine  of  potential  to  special  cases  ; 
for  example,  it  will  be  evident  that  no  two  parts  of  the  same  body 
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(providing  it  be  one  that  can  transmit  or  propagate  the  flow  of 
electricity)  can  remain  for  any  length  of  time  at  different  poten- 
tials; for  directly  a  difference  of  potential  is  established  an 
electrical  stress  is  set  up,  and  the  flow  of  electricity  follows  as  a 
natural  consequence.  On  the  other  hand,  where  there  is  no 
difference  of  potential  there  can  be  no  flow  of  electricity.  So 
that  we  come  to  these  conclusions — viz.  that  electricity  always 
flows  or  tends  to  flow  between  two  bodies  which  are  at  different 
potentials ;  that  it  flows  from  the  body  possessing  the  higher  to 
that  possessing  the  lower  potential ;  that  in  the  case  of  the 
'  current*  maintained  by  the  'simple  cell/  composed  of  zinc  and 
copper  plates  dipping  into  acidulated  water  and  referred  to  in 
a  previous  page,  we  had  a  difference  of  potential  established  on 
the  zinc  and  copper  extremities  ;  that  on  joining  these  extremities 
together  there  was  a  flow  of  electricity  to  produce  equilibrium  ;  that 
this,  by  means  of  the  chemical  changes,  re-established  a  potential 
difference;  and  that  these  actions  and  reactions,  being  alter- 
nated with  almost  infinite  rapidity,  appear  to  us  as  a  continuous 
current 

We  may,  therefore,  in  such  a  case  define  a  '  current '  as  the 
expression  of  an  effort  ever  being  made  to  establish  electrical 
equilibrium  between  two  points  which  are  ever  being  electrified  to 
different  potentials.  Neither  of  these  objects  is  attained — that  is 
to  say,  a  difference  of  potential  is  never  permanently  established 
on  the  one  hand,  and,  on  the  other,  equilibrium  is  never 
maintained. 

Let  us  further  consider  the  case  of  the  simple  cell,  the  zinc 
and  copper  of  which,  however,  instead  of  being  joined  together, 
are  each  connected  to  long  pieces  of  wire,  whose  other  or  free 
extremities  are  inserted  in  the  earth  at  different  places.  It  used 
to  be  the  general  assumption  that  in  such  a  case  the  current  would 
flow  from  the  copper  plate  to  the  earth,  and  through  the  earth  to 
the  other  wire,  up  which  it  would  pass  and  so  return  by  the  zinc 
plate  to  the  cell.  But  this  hypothesis  is  altogether  uncalled 
for,  more  particularly  when  the  distance  between  the  two  earth 
connections  is  considerable,  and  only  involves  the  student  in  un- 
necessary difficulties.  Like  everything  else  in  the  universe,  the 
earth  itself  is  always  more  or  less  electrified,  and,  as  a  consequence, 
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any  point  on  its  surface  is  always  at  a  certain  but  unfixed  poten- 
tial. It  will  therefore  be  seen  that,  were  a  body  which  had 
been  electrified  to  a  higher  potential  than  the  earth  to  be  con- 
nected with  the  earth,  a  flow  of  electricity  would  take  place  pass- 
ing from  that  body  to  the  earth,  so  that  both  the  body  and  earth 
assume  or  strive  to  assume  the  same  potential,  and  the  passage 
of  this  flow  could  be  easily  observed  by  the  introduction  of 
certain  apparatus.  On  the  other  hand,  were  a  body  to  be  electrified 
to  a  potential  lower  than  that  of  the  earth  and  to  be  connected 
with  it,  a  flow  of  electricity  would  be  determined  from  the 
earth  to  the  body,  and  the  passage  of  this  electricity  could  also  be 
rendered  evident  Consequently,  when  copper  and  zinc  strips 
are  immersed  in  acidulated  water  so  that  the  exposed  ends  become 
electrified,  the  one  to  a  higher  and  the  other  to  a  lower  potential 
than  the  earth,  the  connection  of  those  extremities  with  the  earth 
causes  a  flow  of  electricity  from  the  strip  which  is  at  a  higher 
potential  to  the  earth,  and  from  the  earth  to  the  strip  at  the  lower 
potential,  and  this  will  be  equivalent  to  joining  the  plates  directly 
together  and  so  releasing  the  electrical  stress. 

Thus  it  is  with  every  battery  so  connected :  the  potential  of 
the  earth  is  above  that  of  one  end  of  the  battery  and  below  that 
of  the  other  end.  There  is,  then,  no  need  for  a  current  to  flow 
between  the  two  earth  connections,  and  the  assumption  of  such  a 
state  of  affairs  is  quite  gratuitous.  It  must  not,  however,  be  sup- 
posed that  the  flow  of  electricity  from  or  to  the  earth  can  under 
ordinary  circumstances  sensibly  affect  its  charge  or  potential,  the 
terrestrial  charge  as  a  whole  being  so  enormous  as  to  make  any 
other  charge  incomparably  feeble  and  insignificant.  To  make 
this  clearer  we  will  employ  an  analogy.-  Let  us  suppose  that  we 
have  two  tanks,  one  (a,  fig.  4)  containing  water,  and  placed  above 
the  level  of  the  ocean  (c  d),  the  other  (b)  which  we  will  suppose 
to  be  empty  and  partly  immersed  below  the  ocean  level.  If  now 
we  suppose  holes  to  be  made  in  the  bottoms  of  the  tanks,  all  the 
water  will  flow  out  of  the  higher  tank  into  the  sea  below,  while 
water  will  flow  up  into  the  lower  one  until  the  ocean  level  is 
reached.  But  of  course  no  one  would  contend  that  these  changes 
would  make  any  difference  in  the  level  of  the  surrounding  waters, 
even  if  more  water  were  received  from  the  higher  tank  than  was 
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given  to  the  lower ;  and  what  is  true  in  this  case  is  equally  true  in 
the  case  of  electricity.  In  fact,  the  earth  is  a  body  whose  capacity 
for  electricity,  so  far  as  we  are  concerned,  is  infinite,  and  nothing 
that  we  can  do  can  appreciably  affect  its  total  charge.  The 
contention  that  when  one  end  of  a  battery  is  joined  to  earth,  say, 
in  London,  and  the  other  end  is  joined  to  earth,  say,  at  Aberdeen, 
a  current  flows  through  the  earth  from  one  connection  to  the 
other,  involves  the  assumption  that  these  two  points,  in  London 
and  Aberdeen,  are  thereby  placed  at  different  electrical  potentials. 
It  would  be  as  reasonable  to  contend  that  if  we  turn  on  a  water- 
tap  into  the  Thames  at  London  and  dig  a  hole  in  the  bank  of  the 
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river  at  Windsor,  we  set  up  a  difference  of  level  between  the  two 
places,  and  cause  the  water  which  we  pour  in  at  London  to  travel 
up  against  the  stream  and  fall  out  at  Windsor.  It  would  also  have 
to  be  conceded  that  when  we  reverse  the  battery  connections, 
we  at  the  same  time  make  the  potential  at,  say,  London,  alter- 
nately higher  and  lower  than  that  at,  say,  Aberdeen.  In  the 
special  case,  however,  where  a  very  heavy  current  is  passing  from 
the  earth  at  one  end  of  the  line  and  to  the  earth  at  the  other,  the 
two  earth  connections  being  comparatively  close  together,  as 
might  happen  in  the  case  of  an  electric  railway,  it  is  of  course 
possible  for  a  considerable  portion  of  the  current  to  actually  flow 
through  the  earth  from  one  connection  to  the  other,  especially  if 
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the  substratum  be  dry,  and  therefore  a  bad  conductor.  Manifestly 
this  would  be  a  very  bad  state  of  affairs,  indicating  that  sufficiently 
good  earth  has  not  been  made  at  the  ends  of  the  line,  and  that 
therefore  a  considerable  amount  of  energy  is  being  wasted. 
Reference  was  made  on  the  preceding  page  to  the  capacity  of  the 
earth  for  electricity,  and  it  should  be  noted  that  when  electricity 
is  communicated  to  a  body,  the  electrical  potential  of  that  body  is 
raised,  the  extent  to  which  it  is  raised  being  dependent  upon  the 
amount  of  electricity  communicated,  the  shape  and  dimensions  of 
the  body,  the  facilities  which  the  body  offers  for  the  electrical 
distribution  through  it,  and  finally  upon  the  relative  proximity 
of  other  bodies.  We  may  for  our  present  purpose  assume  that 
the  body  to  be  charged  is  of  metal,  that  it  is  suspended  in  space 
remote  from  every  other  conductor,  and  that  its  shape  is  spherical. 
In  such  circumstances  a  charge  communicated  to  it  will  be 
distributed  uniformly  over  its  surface,  and  that  charge  will  raise 
the  potential  to  a  certain  value.  If  we  double  the  amount  ot 
electricity  communicated  to  the  sphere,  the  amount  of  electricity 
in  any  particular  portion  or  area  of  the  surface  will  likewise  be 
doubled.  If,  however,  we  increase  the  radius  of  the  sphere 
a  larger  quantity  of  electricity  will  be  required  to  raise  its 
potential  to  any  given  value.  The  property,  if  we  may  so  call 
it,  of  requiring  a  certain  amount  of  electricity  to  raise  the  potential 
of  a  body  to  a  particular  value  is  known  as  its  electrical  or  its 
electrostatic  *  capacity.'  The  larger  the  body  the  greater  is  its 
capacity,  just  in  the  same  way  that  a  large  tank  requires  more 
water  than  a  small  one  in  order  to  raise  the  level  of  the  water  to 
a  given  point. 

We  come  now  to  a  real  difficulty — and  that  is,  to  be  able  to 
say  with  certainty  in  which  direction  a  current  really  travels,  or, 
in  other  words,  to  declare  which  of  two  differently  electrified 
bodies  has  the  higher,  and  which  the  lower,  potential.  All  we 
can  say  with  any  certainty  is  that  there  is  a  difference  of  potential, 
and  that  therefore  the  current  flows  from  the  point  of  higher  to 
that  of  lower  potential.  From  a  practical  point  of  view  it  matters 
little  which  is  the  higher,  the  so-called  positive,  or  the  so-called 
negative,  and  as  this  point  is  immaterial,  it  is  convenient  and 
usual  to  assume,  in  the  present  incomplete  and  imperfect  state  of 
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our  knowledge  concerning  the  nature  and  propagation  of  electri- 
city, that  the  electric  state  which  we  know  as  positive  has  a  higher 
potential  than  that  state  which  we  know  as  negative,  whence  we 
say,  or  assume,  that  electricity  flows  from  a  positively  electrified 
to  a  negatively  electrified  body.  We  will  in  this  work  follow 
this  assumption,  as  it  involves  no  sacrifice  of  principles, 
notwithstanding  the  fact  that  experiments  have  been  performed 
which  tend  to  show  that  that  state  which  we  call  negative  is  really 
of  higher  potential  than  that  which  we  call  positive. 

Reference  has  several  times  been  made  to  the  use  of  wire  as  a 
means  of  connection  between  two  oppositely  electrified  bodies,  or 
between  two  bodies  at  different  potentials.     Were  we  desirous  of 
transmitting  mechanical  instead  of  electrical  energy,  a  hempen,  or 
silken  cord  would  answer  equally  well,  if  due  provision  had  been 
made  that  the  cord  should  have  the  requisite  mechanical  strength 
or  tenacity  to  transmit  the  energy  without  fracture.     But  tenacity 
is  not  the  necessary  attribute  for  a  body  to  possess  in  order  that 
electricity  may  be  readily  transmitted  through  it     All  substances 
admit  of  this  transmission,  although  in  very  varying  degrees.     A 
piece  of  copper  wire  offers  greater  facilities  than  a  piece  of  iron 
wire  of  similar  dimensions,  which  in  turn  offers  yet  greater  facilities 
than  a  similar  piece  of  German-silver  wire.     But  the  metals,  one 
and  all,  are  enormously  superior  in  this  respect  to  the  great  bulk 
of  non-metallic  substances.     On  the  other  hand,  every  substance, 
whatever  its  nature,  offers  a  greater  or  less  amount  of  '  resistance ' 
to  the  transmission  of  electricity.     Bodies  which  offer  little  resist- 
ance to  the  electric  flow  are  said  to  be  good  conductors,  while 
those  which  offer  considerable  resistance  are  said  to  be  bad  con- 
ductors or  insulators.    To  the  former  class  belong  the  metals, 
carbon,  ordinary  water,  &c,  while  the  latter  class  includes  such 
substances  as  glass,  air,  sulphur,  resin,  indiarubber,  and  ebonite. 
Between  these  two  classes  are  many  substances  which  might  be 
included  in  either  class,  and  consequently  no  hard-and-fast  line 
can  be  drawn. 

It  has  been  shown  that  the  result  of  joining  directly  together 
two  bodies  electrified  to  different  potentials  is  a  flow  of  electricity 
from  the  body  charged  to  the  higher  potential  to  that  charged  to 
the  lower  potential  until  electrical  equilibrium  between  the  two 
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bodies  is  obtained.  And  a  similar  result  follows  if  we  join  the 
bodies  together  by  a  piece  of  wire  ;  while  if  they  have  only  air  or 
some  other  bad-conducting  substance  separating  them,  there  will  be 
no  flow  at  all,  or  only  a  very  feeble  one.  If  in  any  given  case  the 
path  of  the  flow  is  made  longer,  or  more  difficult,  say  by  the  inter- 
position of  a  longer  or  a  poorer  conductor,  it  naturally  follows  that 
the  time  which  is  taken  for  equilibrium  to  be  restored  is  lengthened, 
and  the  rate  of  restoration — that  is,  the  strength  of  the  current 
— is  less.  But  if  the  potential  difference  and  the  quantity  of 
electricity  transferred  are  the  same  in  the  two  cases,  the  energy 
expended  in  the  effort  to  restore  equilibrium  is  the  same. 

The  result,  then,  of  interposing  a  substance  of  poorer  con- 
ducting power,  or,  what  amounts  to  the  same   thing,  of  higher 
electrical   resistance,   between   two    bodies    having    a    potential 
difference  is  to  reduce  the  strength  of  the  flow,  or  the  current, 
passing  from  the  one  to  the  other.     We  can  find  a  very  simple 
analogy  to  this  if  we  suppose  two  tanks  at  different  heights,  one 
directly  above  the  other,  the  lower  one  being  empty  and  the  upper 
one  full  of  water.     So  long  as  the  bottom  of  the  higher  one  is 
intact  the  resistance  to  the  flow  of  water  from  it  to  the  other  is 
practically  infinite ;  but  an  effort  to  flow  exists  which  is  propor- 
tional to  the  height  of  the  column  of  water  and  takes  the  form  of 
a  pressure  on  the  bottom  of  the  tank,  and  if  we  interpose  a  relatively 
bad  conductor  of  the  water  in  the  form  of  a  very  small  pipe  or  tube 
between  the  tanks,  there  will  be  a  correspondingly  weak  or  feeble 
flow  of  water  from  the  higher  to  the  lower  tank.     If  we  increase 
the  size  or  bore  of  the  pipe,  the  conducting  power  will  be  increased 
proportionally,  and  a  corresponding  increase  in  the  volume  of  the 
water  (or  in  the  strength  of  the  current)  flowing  will  be  observed. 
Pursuing  this  to  its  finality,  if  the  bottom  of  the  upper  tank  is 
removed  instantaneously  there  will  result  an  equally  instantaneous 
fall  of  the  whole  of  the  water  in  the  tank.     Such  a  state  of  things 
can  easily  be   traced   between  two  bodies  charged  to  different 
electrial  potentials  or  pressures  and  connected  in  turn  by  various 
substances  whose  conducting  powers  range  from  the  almost  in- 
finitely great  to  the  almost  infinitely  small ;  or,  in  other  words,  by 
varying  the  amount  of  resistance,  which  is  here  shown  to  be  the 
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converse  or  reciprocal  of  conductivity,  we  can,  in  a  corresponding 
degree,  vary  the  strength  of  the  current. 

To  summarise  our  observations  on  the  question  of  resistance, 
we  may  say  that  if  we  electrify  two  bodies,  connected  only  by  the 
air,  to  different  potentials,  we  subject  the  intervening  air  to  a 
species  of  stress.  If  we  very  considerably  increase  the  potential, 
the  air  being  no  longer  able  to  sustain  the  stress,  a  discharge  or 
an  electric  flow  ensues,  in  just  the  same  way  that  we  could  force 
the  bottom  out  of  a  tank  of  water  and  empty  it  by  sufficiently 
increasing  the  pressure.  A  similar  result  can  be  achieved,  with- 
out increasing  the  potential  difference,  by  reducing  the  distance 
between  the  electrified  bodies,  or  by  bridging  over  the  air-space 
with  a  piece  of  wire  or  other  good  conductor.  In  either  case  the 
ability  to  sustain  the  stress  is  reduced,  and  we  call  this  ability 
to  sustain  the  electrical  stress,  resistance.  The  more  resistance  we 
insert  between  the  electrified  points  or  bodies,  the  more  do  we 
thereby  reduce  or  prevent  the  flow  of  electricity  from  one  to  the 
other. 
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CHAPTER  II 

PRACTICAL    UNITS — OHM'S    LAW — FUNDAMENTAL    UNITS 

In  dealing  in  the  previous  chapter  with  the  general  attributes  of 
electricity,  the  only  degree  of  comparison  arrived  at  was  to  say 
that  one  electrification,  resistance,  or  current  was  greater  or  less 
than  another.  It  is,  however,  essential  that  more  precision  in 
comparing  or  measuring  forces  and  their  properties  and  effects 
should  be  obtained.  Measurement  is,  in  fact,  the  most  important 
branch  of  electrical  science,  as,  indeed,  it  is  of  every  other  physical 
science. 

Instead  of  simply  saying  that  one  lump  of  iron  is  heavier  or 
weightier  than  another,  it  is  usual  to  say  by  how  much  they  differ, 
Thus  one  lump  may  have  a  mass  of  twenty  pounds,  and  another 
a  mass  of  thirty  pounds.  The  latter  is  therefore  ten  pounds 
heavier  than  the  former.  We  have  here  introduced  a  unit  of 
measurement,  viz.  the  pound  or  unit  of  mass.  Similarly  the  inch 
or  foot  may  be  used  as  a  unit  of  length,  the  second  as  a  unit  of 
time,  the  pint  as  a  unit  of  capacity,  the  sovereign  as  a  unit  of 
coinage,  and  so  on.  These  units  are  all  such  as  everybody  can 
readily  appreciate.  They  are  so  frequently  employed  that  no 
mental  effort  is  required  to  understand  what  is  meant  when  any 
one  of  them  is  mentioned. 

In  dealing  with  electricity,  the  first  thing  we  wish  to  measure 
is  the  amount  of  the  electrical  difference  between  two  bodies 
which  causes  an  electrical  stress,  and  which  may  result  in  a  current 
of  electricity.  But  we  are  confronted  with  two  difficulties.  The 
first  is  that  by  none  of  the  everyday  units — by  no  unit  employed 
for  any  other  purpose — are  we  able  to  indicate  exactly  the  electric 
potential  of  a  body.  Moreover,  electricity  being  not  matter 
itself,  but  only  a  manifestation  of  energy  which  induces  or  causes 
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a  certain  condition  of  matter,  it  is  impossible  to  measure  it  directly. 
We  can  only  measure  it  by  its  effect  upon  material  substances. 
In  the  next  place,  inasmuch  as  it  is  impossible  to  obtain  or  even  to 
conceive  of  a  body  altogether  devoid  of  electrification  (although 
such  electrification  is  not  always  perceptible),  it  is  impossible  to 
fix  on  an  absolute  zero  potential,  and  to  measure  potentials  from 
that  point.  In  just  the  same  way  it  is  impracticable  to  have  a  zero 
level,  some  arbitrary  point,  such  as  the  sea-level  at  high  tide,  having 
to  be  employed  if  we  wish  to  measure  the  relative  height  of  two 
or  more  points.  It  is,  consequently,  necessary  to  look  elsewhere 
for  a  starting  point,  and  to  fix  on  a  convenient  arbitrary  potential 
zero.  We  take  as  a  convenient  zero  the  potential  of  the  earth's 
surface,  and  consider  that  bodies  which  are  said  to  be  positively 
electrified  are  at  a  higher  potential  than  the  earth,  while  negatively 
electrified  bodies  are  at  a  lower  potential.  Positive  and  negative 
potentials  may  therefore  be  said  to  correspond  to  height  and  depth 
in  their  relation  to  the  sea-level.  Inasmuch,  however,  as  we  are 
unable  to  detect  any  potential  at  all  unless  we  take  two  points  or 
bodies  whose  potentials  are  different,  the  direct  measurement  of 
potential  itself  again  presents  difficulties.  On  the  other  hand, 
when  we  are  called  upon  to  measure  the  potentials  of  two  bodies, 
what  we  really  desire  to  know  is  the  difference  between  those 
potentials ;  or,  if  we  call  the  potential  of  one  body  p,  and  that  of  the 
other  /,  we  want  to  know  the  value  of  p— p ;  for  after  all,  it  is 
this  difference  of  potential  that  determines  the  flow  of  electricity. 
This  difference  of  potential,  which,  when  the  conditions  are 
favourable,  is  competent  to  develop  and  maintain  a  current  of 
electricity,  is  known  as  electro-motive  force,  a  term  which  is  fre- 
quently contracted  into  the  initials  E.M.F.,  or  shorter  still,  into  e.  " 
only.  It  is  this  electro-motive  force,  then,  that  we  desire  to  measure, 
and  the  practical  unit  by  which  it  is  measured  is  known  as  the 
volt  We  will,  for  the  present,  rest  satisfied  with  the  simple 
statement  that  the  volt  is  approximately  equal  to,  although  actually 
a  fraction  less  than,  the  electro-motive  force  of  a  single  Daniell 
cell.     (See  Chapter  III.) 

Reference  was  made  in  the  previous  chapter  to  '  resistance/ 
and  it  was  described  as  the  converse  of  conductivity,  which  again 
we  described  as  the  ability  of  a  body  to  transmit  a  current  of 
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electricity.  It  is  easy  to  show  that  resistance  may  be  expressed  as 
a  ratio — the  ratio  of  electro-motive  force  to  current — and  many 
authorities  insist  that  it  should  always  be  regarded  thus.  It  may 
also  be  expressed  as  a  '  velocity/  or  the  ratio  of  length  to  time  ;  but 
we  prefer  to  deal  with  it  as  it  appeals  to  practical  electricians,  viz. 
as  an  attribute  of  matter,  varying  with  different  substances,  and  in 
virtue  of  which  such  matter  opposes  or  resists  the  passage  of 
electricity,  whence  the  current  has  to  do  '  work '  or  expend  £  energy ' 
in  effecting  the  passage.  The  law  of  the  conservation  of  energy 
teaches  us  that  energy  is  indestructible,  and  it  follows,  therefore, 
that  if  energy  has  to  be  expended  in  impelling  a  flow  of  electricity 
against  a  greater  or  less  amount  of  resistance,  the  equivalent  of 
that  energy  must  be  developed  in  some  other  form.  This  other 
form  is  usually  heat ;  or,  in  other  words,  when  a  body  opposes  a 
certain  amount  of  resistance  to  the  passage  of  electricity,  heat  is 
produced,  the  actual  amount  of  heat  being  an  equivalent  of  the 
energy  expended  in  overcoming  the  resistance  and  varying,  there- 
fore, directly  as  that  resistance.  Consequently,  if  we  have  two 
conductors,  the  resistance  of  one  of  which  is  twice  that  of  the 
other,  and  if  we  send  currents  of  equal  strength  through  both 
wires,  twice  as  much  heat  will  be  developed  in  the  conductor  of 
the  higher  resistance  as  will  be  developed  in  that  offering  the 
lower  resistance.  We  shall  have  occasion  to  deal  with  this  subject 
more  fully  in  a  future  chapter,  but  we  may  add  here  that  if  we 
wish  to  perform  work  at  any  point  by  means  of  an  electric  current 
conducted  by  a  wire  to  that  point,  we  must  keep  the  resistance  of 
that  wire  down  to  the  lowest  practicable  limit,  because  every  frac- 
tion of  the  energy  frittered  away  in  heating  the  conductor  means 
so  much  less  energy  available  for  the  particular  work  which  we 
wish  the  current  to  perform  at  the  far  end  of  the  conductor.  It  is 
apparent,  then,  that  we  require  a  unit  by  which  we  shall  be  able 
to  compare  the  resistances  of  various  substances,  and  the  unit 
selected  is  called  the  ohm.  For  use  as  a  practical  unit  for  measure- 
ment and  comparison  this  standard  takes  the  form  of  a  specially 
constructed  coil  of  wire  ;  but  for  the  ultimate  standard  of  reference 
a  thread  or  column  of  mercury  is  chosen,  because  it  is  possible  to 
more  precisely  define  and  to  reproduce  those  conditions,  such  as 
the  dimensions  and  density,  which  determine  the  actual  resistance 
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of  such  a  thread  or  column.  The  standard  ohm  is  therefore 
defined  as  the  resistance  offered  by  a  thread  or  column  of  pure 
distilled  mercury  106*3  centimetres  in  length,  weighing  144*521 
grammes  at  o°  C.  and  of  uniform  sectional  area.  The  sectional 
area  of  such  a  column  is  one  square  millimetre.  (The  metre  is 
equal  to  39*37  inches,  the  centimetre  to  0*3937  inch,  and  the 
millimetre  0*03937  inch.  The  length  of  the  column  of  mercury 
is  41*85  inches,  and  its  weight  is  0*509  ounce  avoirdupois.) 

It  is  convenient  to  remember  that  one  mile  of  copper  wire  a 
quarter  of  an  inch  in  diameter  offers  a  resistance  of  slightly  less 
than  ohe  ohm.  A  milllionth  part  of  an  ohm  is  called  a  microhm, 
and  one  million  ohms  a  megohm.  The  ohm  is  frequently  indi- 
cated by  the  symbol  m,  and  the  megohm  by  the  symbol  li ;  thus 
15"  means  15  ohms,  and  4  Q  represents  4  megohms,  or  4  million 
ohms. 

A  quantity  of  apparatus,  however,  constructed  on  the  basis  of 
the  so-called  B.A.  unit  is  still  in  use.  This  unit  was  determined 
in  1863  by  a  committee  appointed  for  the  purpose  by  the 
British  Association,  and  the  standard  ohm  as  defined  above  is 
the  latest  correction  of  this  unit.  One  standard  ohm  is  equal  to 
1*013  B.A.  unit ;  and  one  B.A.  unit  is  equal  to  0*9866  standard 
ohm. 

The  student  will  frequently  come  across  the  expression  '  specific 
resistance,'  and  it  is  a  most  important  term.  The  specific  resist- 
ance of  any  substance  may  be  defined  as  the  resistance  which 
that  substance  offers  in  consequence  of  its  nature  and  composition, 
irrespective  of  its  dimensions  and  temperature.  Obviously  the 
best  way  to  compare  the  specific  resistances  of  various  substances 
is  to  state  the  resistance  offered  by  specimens  of  those  substances 
having  exactly  the  same  dimensions,  and  being  all  at  the  same 
temperature. 

It  is  a  matter  ot  great  convenience  that  different  bodies  vary 
in  their  specific  resistances,  for  there  are  times  when  we  want  the 
lowest  possible  resistance,  while  at  other  times  we  require  a  large 
measure  of  resistance,  more  particularly  when  we  desire  to  prevent 
an  electric  discharge,  to  impede  the  flow  of  an  electric  current,  or 
to  prevent  electricity  leaking  from  one  body  to  another.  Silver, 
because  it  is  the  best  conductor,  is  the  most  convenient  substance 
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to  take  as  a  standard  of  reference.  Appended  is  a  table,  based 
upon  the  experiments  of  Dr.  Matthiessen,  which  shows  the  specific 
and  also  the  relative  resistance  of  a  number  of  metals  frequently 
met  with  ;  and  as  the  variation  of  the  temperature  of  a  body  alters 
its  electrical  resistance,  all  the  tests  have  been  taken  at  a  common 
temperature,  viz.  that  of  freezing-point,  or  the  necessary  corrections 
have  been  made  to  correspond  to  that  temperature. 

Table  showing  Resistances  of  Chemically  Pure  Metals  and 
Alloys  at  o°  C.  in  Standard  Ohms 


Name  of  Metal 
Silver,  annealed     . 

1 

Relative 
Resistance 

|       iooo 

Resistance  of  a 

wire  z  foot 

long,  Tifeq  of 

an  inch  in 

diameter 

Resistance  of  a 
wire  x  metre 
long,  1  milli- 
metre in 
diameter 

• 

Specific  re- 
sistance, cubic 
centimetre 
microhms 

90283 

0*01911 

1*5006 

Copper,  annealed  . 

1     1063 

95877 

0*02029 

1 '5943 

Silver,  hard  drawn 

1086 

9-8028 

0*02074 

1*6298 

Copper,  hard  drawn 

1     1086 

9-8068 

0*02075 

1*6298 

Gold,  annealed 

1*369 

12*3522 

0*02614 

20531 

Gold,  hard  drawn . 

1     1393 

12*5692 

0*0266 

2*0896 

Aluminium,  annealed     . 

1       1  '935 

17-4825 

0*037 

20055 

Zinc,  pressed 

1       374i 

3376i  * 

007145 

1        56127 

Platinum,  annealed 

j         6*022 

543517 

0-11503 

1        90352 

Iron,  annealed 

1          6460 

58308 

0*12342' 

96933 

I^ead,  pressed 

|     I3'°5 

1 17  7901 

0*24921 

:    19-584 

German  silver,  hard  or 
annealed    .                  j 

1392 

125  6139 

0-26588 

20*8863 

Platinum-silver  alloy  [\ 

1 

platinum,    §    silver), 

■j       l6'2I 

146*3621 

030979 

1   24  "3295 

hard  or  annealed 

1 

Mercury 

6273 

570-8467 

1 

1*20828 

,   98-4034 

The  figures  given  in  the  right-hand  column  represent  the 
specific  resistance  of  the  various  substances ;  they  state  in 
millionths  of  an  ohm  the  resistance  offered  between  two  opposite 
faces  of  a  cubic  centimetre  of  each  particular  metal  or  alloy. 

An  alloy  of  copper,  nickel,  and  zinc  (the  usual  constituents  of 
German  silver),  combined  with  1  or  2  per  cent,  of  tungsten,  and 
known  as  platinoid,  is  largely  used  in  electrical  work.  It  is  found 
that  the  addition  of  tungsten  imparts  greater  density  to  alloys 
and  reduces  any  tendency  to  oxidation.  When  polished  the  alloy 
is  scarcely  distinguishable  in  appearance  from  silver.  A  cubic 
centimetre  offers  between  opposite  faces  a  resistance  ranging  from 
about  30  to  36  microhms,  so  that  its  resistance  is  about  one  and 
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a  half  times  that  of  German  silver.  As,  however,  alloys  always 
vary  more  or  less  in  their  composition,  a  definite  resistance  cannot 
safely  be  assigned  to  any  commercial  variety,  and  calculations 
concerning  them  can  only  be  accepted  as  actually  true  of  the 
particular  samples  tested.  Platinoid,  when  drawn  hard,  is,  like 
copper,  softened  by  heating  and  sudden  cooling. 

The  admixture  of  even  a  minute  proportion  of  foreign  matter 
very  considerably  reduces  the  conductivity,  or  increases  the  resist- 
ance, of  a  metaL  A  very  remarkable  effect  is  observed  when  an 
alloy  of  two  or  more  metals  is  tested,  for  the  specific  resistance  of 
the  alloy  will  usually  be  found  to  be  higher  than  that  of  either  of 
its  constituents.  Purity  in  the  case  of  simple  metals  and  absolute 
uniformity  in  the  constitution  of  alloys,  such  as  German  silver,  are, 
therefore,  pre-eminently  essential  if  the  highest  conductivity  or  if 
a  certain  specific  resistance  is  desired.  As  a  matter  of  fact,  there 
are  to  be  found  samples  of  commercial  copper  which  offer  as  much 
as  six  times  the  resistance  of  the  chemically  pure  material,  and 
which  are,  therefore,  little  better  than  iron  as  conductors. 

Or,  again,  if  the  relative  conductivity  01  pure  copper  be  taken 
at  100,  then  that  of  copper  mixed  with  i*6  per  cent,  in  volume  of 
silver  will  be  only  65  ;  while  the  conductivity  of  silver  mixed  with 
1  "2  per  cent,  in  volume  of  gold  will  be  59  when  that  of  pure  silver 
is  taken  as  100. 

A  highly  interesting  phenomenon  is  the  wonderful  effect  which 

a  variation  in  temperature  produces  upon  the  resistance  of  the 

various  substances  through  which  a  current  may  flow.     The  effect 

would  be  less  surprising  were  it  general,  or  were  it  consistently 

uniform  in  all  bodies  \  but  the  great  feature  to  be  observed  is  that 

while  in  the  case  of  metals  the  resistance  of  a  conductor  invariably 

increases  with  an  exaltation  in  temperature,  the  non-metals  all  show 

a  decrease  in  resistance  under  similar  circumstances.     It  is  also  a 

remarkable  fact  that  in  the  case  of  metals  the  variation  is  much 

less  in  alloys  than  in  pure  metals.      These  results  are  fraught 

with  the  greatest  importance,  as  they  limit  considerably  the  number 

of  substances  available  for  many  classes  of  electrical  apparatus. 

For  example,  wires  which  are  to  be  employed  as  standards  for 

comparing   or  measuring  resistances  should  have  as  nearly  as 

possible  the  same  value  at  all  temperatures,  and  the  alloy  platinoid 
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is  of  exceptional  value  because  of  the  very  slight  change  in  its 
resistance  consequent  upon  even  a  considerable  variation  in 
temperature.  The  accompanying  table,  showing  the  percentage- 
variation  in  the  resistance  of  various  bodies  between  the  tempera- 
ture of  freezing  water  and  that  of  boiling  water  should  prove 
eminently  interesting.     It  is  certainly  useful  and  important 


Name  of  Metal 


Pure  iron 

Pure  thallium    .... 
Other  pure  metals  in  a  solid  state 
Gold  with  15  p.c.  iron 
Proof  gold         .... 
Standard  silver .... 

Gunmetal 

Copper  with  25  p.c.  platinum   . 
Silver  with  5  p.c.  platinum 
Silver  with  9/8  p.c.  platinum 
Copper  with  97  p.c.  tin    . 
Gold-silver  alloy 
Platinum  with  33*4  p.c.  iridium 
German  silver    .... 
Gold  with  47  p.c.  iron 
Silver  with  25  p.c.  palladium 
Silver  with  33  4  p.c.  platinum   . 
Platinoid 


Conducting  power 

at  o°  C. 

Silver  =  100 


1681 
916 

2  76 

73*55 
8063 

27  08 

22 '08 

31 '64 
1804 

12*19 

15  °3 
4 '54 
780 

2  '37 
852 
670 


Percentage  fall  of 

conducting  power 

between  o°  and 

joo°  C 


39  '2 

3i"4 
29-3 

279 

264 

23  2 

183 

"5 

«"3 

7* 

66 

6*5 

5  9 

4  4 

3'8 

3 '4 

3'' 
2*09 


As  may  have  been  gathered  from  what  has  already  been  said, 
when  we  increase  the  length  of  a  conductor  we  invariably  increase 
its  resistance.  This  follows  as  a  matter  of  course  from  the  feet 
that  if  we  urge  a  certain  current  through  a  wire  of  increased  length, 
we  give  it  more  work  to  do,  necessitating,  consequently,  a  greater 
expenditure  of  energy,  in  precisely  the  same  way  that  a  railway 
engine  would  consume  more  coal  in  taking  a  train  a  distance  of 
200  miles  than  would  be  required  to  cover  half  that  distance. 
The  resistance  of  a  conductor  of  uniform  material  and  thickness 
oj  cross- section  varies  directly  as  its  length — that  is  to  say,  if  we 
vary  the  length  of  the  conductor  we  vary  its  resistance  at  exactly 
the  same  rate.  If,  for  example,  a  mile  of  wire  of  a  certain  gauge 
offers  a  resistance  of  10  ohms,  two  miles  of  the  same  wire  would 
offer  20  ohms. 
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The  effect  of  increasing  the  size  or  sectional  area  of  a  con- 
ductor is  to  increase  its  conductivity  and,  consequently,  to  diminish 
its  resistance,  in  exactly  the  same  way  that  increasing  the  diameter 
of  a  pipe  increases  the  amount  of  gas  or  water  that  can  be  passed 
through  it  The  resistance  of  a  conductor  varies  inversely  as  its 
sectional  area.  That  is,  if  we  have  two  conductors  such  as  two 
specimens  of  copper  wire  equal  in  length  and  drawn  from  the 
same  bar,  the  resistance  which  the  wires  will  offer  depends  upon 
the  size  of  the  wires,  or  on  the  area  of  the  ends  exposed  on 
cleanly  cutting  them  at  right  angles  to  their  length — that  is  to 
say,  upon  the  amount  of  metal  through  which  the  current  can 
flow.  Most  wires  are  round,  so  that  the  section  is  a  circle,  and 
it  becomes  necessary  to  understand  the  method  of  comparing  the 
areas  of  circles.  The  area  of  a  circle  varies  as  the  square  of  its 
diameter;  for  example,  if  we  have  two  circles,  one  having  a 
diameter  of  one-tenth  of  an  inch  and  the  other  of  two-tenths  of 
an  inch,  their  areas  or  the  spaces  they  enclose  will  not  be  in  the 
proportion  1:2,  but  as  the  squares  of  those  figures,  viz.  1  :  4, 
so  that  one  wire  which  is  twice  the  diameter  of  another,  other 
things  being  the  same,  offers  only  one-quarter  of  the  resistance 
offered  by  the  thinner  wire.  While  if  we  treble  the  diameter  of 
the  wire,  or  make  it  three-tenths  of  an  inch,  the  resistance  will  be 
only  one-ninth  of  that  of  the  thinnest  wire.  As  a  matter  of  fact, 
the  thickest  of  these  three  wires  will  weigh  exactly  nine  times  as 
much  as  the  thinnest,  there  being  nine  times  as  much  metal  in  it. 
We  may  therefore  state  our  law  in  other  words  by  saying  that 
the  resistance  of  circular  wires  uniform  in  ail  particulars  excepting 
thickness  varies  inversely  as  their  weight  Thus,  if  a  mile  of 
copper  wire  weighs  100  lb.,  and  has  a  resistance  of  9  ohms,  and 
an  equal  length  of  similar  copper  wire  weighs  150  lb.,  the  resis- 
tance of  the  latter  will  be  6  ohms.  Again,  the  specific  resistances 
of  iron  and  copper  are  approximately  as  6  to  1.  If,  now,  a  mile  of 
iron  wire,  0*240  of  an  inch  in  diameter,  has  a  resistance  of  5  ohms, 
and  it  is  thought  for  certain  reasons  desirable  to  substitute  a  mile 
of  copper  wire  having  the  same  resistance,  we  should  have  to  use 
wire  weighing  one-sixth  the  weight  of,  or  whose  sectional  area  would 
be  one-sixth  of  that  of,  a  copper  wire  approximately  0*240  of  an  inch 
in  diameter,  because  the  resistance  of  a  mile  of  the  latter  would  be 


22  Electrical  Engineering  chap,  n 

only  five-sixths  of  an  ohm.  The  required  thickness  could  be  ascer- 
tained by  rule  of  three,  for  if  x  stands  for  the  required  diameter, 

6  :  i  :  :  (o*24o)a  :  a*2, 

from  which  we  find  x*  =  0*0096.  Therefore  x,  or  the  required 
diameter,  is  equal  to  the  square  root  of  0*0096  or  0*098  of  an 
inch  nearly. 

A  conductor  offers  to  the  passage  of  electricity,  at  a  given 
temperature,  a  constant  resistance  which  is  altogether  indepen- 
dent either  of  the  electro-motive  force  or  of  the  strength  of  the 
current.  That  is  to  say,  a  wire  which  offers  10  ohms  resistance 
to  the  passage  of  a  feeble  current  offers  precisely  the  same  resist- 
ance to  a  powerful  current,  except  in  so  far  as  an  increase  in  the 
strength  of  the  current  involves  a  corresponding  increase  in  the 
temperature  of  the  wire,  and  this  increased  temperature  causes  a  pro- 
portionately increased  resistance,  as  has  already  been  pointed  out 

We  come  now  to  the  consideration  of  the  laws  which  deter- 
mine the  strength  of  a  current  and  of  the  relationship  subsisting 
between  strength  and  the  other  attributes  of  an  electric  current 
The  real  relationship  can,  perhaps,  be  best  understood  by  the  aid 
of  a  simile.  Let  us  suppose  two  tanks,  one  very  high  up,  say 
a  hundred  feet  above  the  ground,  the  other  raised  only  a  few  feet 
Let  both  tanks  contain  the  same  quantity  of  water,  and  let  both  of 
them  be  supplied  with  pipes,  the  one  for  the  upper  tank  being,  how- 
ever, very  much  smaller  in  diameter  than  that  for  the  lower.  On 
turning  the  taps  the  water  from  the  upper  tank  will  issue  forth 
with  much  greater  force  than  that  from  the  lower  tank,  although 
the  quantity  or  rate  of  flow  from  the  lower  tank  may  considerably 
exceed  that  from  the  upper  tank.  In  other  words,  the  pressure  in 
the  long  small  pipe  is  much  greater  than  in  the  short  but  large 
one,  while  the  quantity  of  water  delivered  by  the  former  is  con- 
siderably less  than  that  delivered  by  the  latter.  Pressure  in  the 
case  of  a  column  of  water  corresponds  with  the  electro-motive 
force  of  a  battery,  while  the  volume  or  quantity  of  water  flowing 
through  the  pipe  corresponds  to  current  strength.  But  to  pursue 
the  analogy  still  further,  if  the  upper  tank  be  raised  sufficiently 
high,  the  greater  pressure  so  obtained  will  augment  the  velocity  of 
the  water,  and  the  two  tanks  may  then  be  emptied  in  the  same  time. 
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There  are  two  things,  then,  that  govern  the  quantity  of  water 

delivered  or  the  rate  of  delivery,  viz.  the  pressure,  and  the  size  of 

the  pipe :  the  latter  corresponds  in  electrical  considerations  with 

the  size  of  the  conductor,  and  consequently  with  the  resistance. 

By  current  strength  is  meant,  therefore,  the  rate  of  flow  of 

electricity,  and  it  is  measured  by  the  quantity  of  electricity  passing 

any  point  in  a  circuit  during  a  given  time.     It  corresponds  to  the 

rate  of  delivery  of  gas  or  water  by  a  pipe.     In  a  simple  circuit  k 

depends  upon  two  things—  the  electro-motive  force  of  the  generator 

or  battery,  and  the  resistance  of  the  whole  circuit,  comprising 

the  wire  and  apparatus  as  well  as  the  battery  itself.     The  practical 

unit  of  current  strength  or  rate  of  delivery  is  called  the  ampere^ 

and  it  is  that  strength  of  current  which  is  developed  in  a  circuit  of 

one  ohm  resistance  by  an  electro-motive  force  of  one  volt.     If 

this  current  be  maintained  for  one  second,  one  unit  of  electrical 

quantity  is  delivered,  and  this  unit  is  called  the  coulomb.     If  a 

current  of  half  an  ampere  flows  for  two  seconds,  the  quantity  of 

electricity  delivered  is  again  one  coulomb.    So  also  is  it  if  a  current 

of  two  amperes  flows  for  half  a  second  ;  so  that  in  every  case 

the  rate  of  flow,  or  current  strength  in  amperes,  multiplied  by 

the  time  in  seconds,  gives  us  the  total  quantity  of  electricity 

or  the  number  of  coulombs.     Thus,  if  q  represents  the  quantity 

of  electricity  in  coulombs,  c  the  current  strength  in  amperes,  and 

/  the  time  in  seconds, 

q  =  c  x  /. 

As  the  quantity  of  electricity  delivered  is  rarely  required  to 
be  known,  but  rather  the  rate  of  delivery  or  flowing,  we  will 
deal  more  fully  with  the  method  of  ascertaining  this  rate.  In 
order  that  this  matter  may  be  more  readily  understood,  we  will  at 
once  proceed  to  the  discussion  of  '  Ohm's  Law/  which  declares 
that  the  current  strength  varies  directly  as  the  electro-motive  force 
and  inversely  as  the  resistance.  This  law  may  be  represented  by 
the  simple  equation — 

Electro-motive  force       -,         .    .        ., 
=r — -. =  Current  strength. 

Resistance 

E 

or.  -  =  c. 

R 
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As  an  example  of  the  relation  which  the  imits  bear  to  each 
other,  we  may  take  the  simple  case  of  a  battery-cell  having  an 
electro-motive  force  of  one  volt  and  sending  a  current  through  a 
circuit  whose  total  resistance  is  one  ohm.  The  current  strength 
will  then  be  one  ampere,  thus  : — 

i  volt 

and  if  this  current  is  maintained  for  one  second,  one  coulomb  of 
electricity  will  have  passed.     By  doubling  the  resistance  we  get — 

i  volt 


2  ohms 


=  o*5  ampere. 


Similarly,  by  doubling  the  electro-motive  force  we  get,  with  unit 

resistance, 

2  volts 

— — -  =  2  amperes. 

i  ohm 

A  little  reflection  will  make  evident  the  subsidiary  law  that 
the  current  strength  is  the  same  in  all  parts  of  the  circuity  and  does 
not  in  any  sense  vary  in  different  parts  of  the  same  circuit.  The 
current  strength  can  easily  be  supposed  to  be  uniform  in  a  uniform 
conductor ;  but  if  we  make  up  a  circuit  with  wires  of  different 
degrees  of  conductivity,  or  if  we  interpose  any  liquid  conductor, 
the  same  law  holds  good,  just  as  would  be  the  case  if  we  were  to 
urge  a  current  of  water  through  a  pipe  of  variable  diameter.  It  is 
manifest  that  if  a  gallon  of  water  enters  the  pipe  in  a  certain  time, 
the  same  volume  must  pass  out  in  the  same  time  (supposing  the 
pipe  to  have  been  already  full),  and  the  same  volume  must  pass 
every  point  in  the  pipe  in  the  same  interval  of  time,  although  in 
the  thinner  or  smaller  portions  of  the  pipe  the  water  travels 
faster  and  generates  a  little  more  heat  by  friction  with  the  sides 
of  the  pipe  than  in  the  larger  sections  of  it.  This  latter  analogy 
also  holds  good  in  a  measure  with  regard  to  electricity,  for  in  the 
thinner  wire  or  poorer  conductor  more  heat  will  be  developed  by 
the  current  than  in  the  thicker  or  better  conductor.  It  is  this 
fact  that  makes  electric  lighting  by  incandescent'  lamps  possible. 
It  is  doubtful  whether  in  the  whole  range  or  history  of  electrical 
science  a  law  has  ever  been  enunciated  so  full  of  truth  and  of  sifch 
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immense  importance  as  that  discovered  by  George  Simon  Ohm, 
and  we  shall  find  frequent  need  to  refer  to  it  in  the  succeeding 
chapters. 

For  the  benefit  of  those  who  do  not  understand  the  full 
meaning  of  a  simple  equation  we  may  say  that  if 

=  c,  then,      =  r,  and 
r  c 

e  =  rc  (or  R  x  c). 

So  that  if  of  these  three  quantities  we  know  any  two,  we  can 
always  readily  calculate  the  third.  Thus,  with  a  current  of  2 
amperes  and  an  electro-motive  force  of  10  volts,  the  resistance 
will  be 

—  =5  ohms. 

2        J 

Similarly,  if  a  current  of  5  amperes  flows  through  a  resistance  of 
10  ohms,  the  electro-motive  force  capable  of  maintaining  this 
current  will  be 

10  x  5  =  50  volts. 

When  two  or  more  channels  or  paths  are  open  to  a  current 
of  electricity,  the  current  divides  between  them,  just  as  water  or 
gas  in  a  pipe  will  divide  into  any  number  of  branch  pipes.  If  in 
the  case  of  electrical  conductors  there  are  two  wires  (a  and  b, 
fig.  5),  between  which  the  current  can  divide,  and  if  the  resist- 
ances of  the  two  wires  are  equal,  the  current  will  divide  equally 

Fig.  5 
A -10" 


Ct 


B-IO"> 


between  them  ;  thus,  if  a  current  of  two  amperes  flows  from  the 
battery  p,  one  ampere  will  go  through  each  wire,  the  two  currents 
re  uniting  at  the  junction  and  returning  to  the  battery  by  the 
common  wire.  When  the  resistances  are  not  equal,  the  current  will 
divide  directly  as  the  conductivities  or  inversely  as  the  resistances  : 
thus,  if  the  resistance  of  one  wire  (a,  fig.  6)  is  10  ohms,  and  of 
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another  (b)  is  20  ohms,  and  a  current  of  three  amperes  divides 
between  them,  two  amperes  will  go  through  the  wire  a  of  10  ohms 
and  one  ampere  through  the  wire  b  of  20  ohms. 

Fig.  6 
A*  10w 


r 
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When  two  or  more  wires  are  thus  joined  together  so  that  the 
current  divides  between  them,  they  are  said  to  be  joined  up  in 
1  parallel ' ;  but  when  the  end  of  one  is  joined  to  the  end  of  another 
so  that  the  whole  current  goes  through  both  wires  in  succession, 
the  wires  are  said  to  be  joined  up  in  *  series.' 

The  law  for  two  parallel  conductors  holds  equally  good  for  a 
larger  number.  Thus,  if  there  are  10  wires  of  uniform  resistance 
and  a  current  of  10  amperes  divides  between  them,  it  will  do  so 
equally,  so  that  one  ampere  will  flow  through  each  wire.  When 
the  resistances  vary,  then  the  current  flowing  through  each  wire 
will  vary  also,  but  in  the  inverse  ratio  to  the  resistances. 

When,  however,  a  second  wire  is  joined  up  in  parallel  with  a 
wire  already  forming  part  of  a  circuit,  a  serious  alteration  is  made 
in  the  condition  of  the  circuit,  for  the  total  amount  of  current  that  is 
produced,  whether  it  be  from  a  primary  battery,  a  dynamo-electric 
machine,  or  any  other  source  of  electrical  energy,  will  be  increased. 
This  increase  follows  from  the  fact  that  when  wires  are  joined  up 
in  parallel  their  united  or,  technically  speaking,  their  joint  resist- 
ance is  less  than  that  of  any  one  of  the  wires  taken  separately. 
The  meaning  of  this  will  be  more  readily  apparent  if  a  wire  is 
regarded  as  a  conductor  rather  than  as  a  source  of  resistance. 
Thus,  if  two  equal  wires  lie  side  by  side  and  the  current  is  allowed 
to  flow  through  them,  the  conducting  power  of  the  double  wire 
will  be  twice  that  of  either  wire  taken  separately,  in  precisely  the 
same  way  as  a  water  or  gas  pipe  two  square  inches  in  section  will 
transmit  twice  as  much  as  a  similar  pipe  only  one  square  inch  in 
section.  If,  therefore,  the  conductivity  of  the  two  wires  in  parallel 
is  twice  that  of  one  of  them,  their  united  or  joint  resistance  will  be 
only  half  that  of  one  of  them.     Thus,  if  two  wires,  each  of  100 
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ohms  resistance,  are  joined  in  parallel  to  a  battery,  their  joint 
resistance  will  be  50  ohms.  Similarly,  if  ten  wires,  each  of  100 
ohms  resistance,  are  joined  in  parallel,  they  will  offer  a  joint 
resistance  of  10  ohms.  We  may,  therefore,  say  that  if  any 
number  of  wires  («)  of  uniform  resistance  (r)  are  joined  in  parallel, 
or  '  multiple  arc,'  as  the  arrangement  is  sometimes  called,  then  their 

joint  resistances     .      Suppose,  now,  that  our  battery  has  an 

electro-motive  force  of  100  volts,  and  that  its  internal  resist- 
ance is  negligibly  low ;  with  one  wire  of  100  ohms  joined  on  we 
get — 

100  volts 

With  two  such  wires  we  get — 

100  volts      100 

=  -  —  =  2  amperes. 

100   .  50  r 

—  ohms 

2 

This  current  divides  equally  between  the  two  wires,  one  ampere 
going  through  each. 

With  ten  wires  we  get — 

100  volts      100 

=  —  =  10  amperes. 

100   .  10  r 

—  ohms 
10 

Whence  one  ampere  will  still  go  through  each  wire,  so  that  the 
strength  of  the  current  increases  in  precisely  the  same  proportion 
as  the  number  of  wires.  As,  however,  the  current  developed  by 
the  battery  has  to  pass  through  it  as  well  as  through  the  wire,  the 
resistance  of  the  battery  itself  forms  part  of  the  resistance  of  the 
circuit.  If,  therefore,  the  internal  resistance  of  the  battery  is 
proportionally  high  enough  to  necessitate  its  being  taken  into 
account,  the  reduction  of  the  external  resistance  will  not  produce 
so  marked  an  effect.  With  a  battery  resistance  of  100  ohms  and 
a  single  wire  of  a  like  resistance  we  get — 

100  100 

: =  —  =0*15  ampere, 

100  +  100       200        D       r      ' 
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and  when  two  wires  are  joined  in  parallel  we  get — 

ioo  100 

=         =  o '66  ampere. 

ioo       150  v 

100  +  — 
2 

With  ten  wires  we  get — 

100  100 
__._._.  0-Q0  ampere. 

100       no         y         r 

100  + 

10 

Thus  with  two  wires  in  parallel  a  current  of  0*33  ampere  would 
flow  through  each  wire,  while  with  ten  wires  the  current  strength 
in  each  wire  would  be  only  0*09  ampere. 

When  the  parallel  circuits  are  of  different  resistances  the  calcu- 
lation of  their  joint  resistance  involves  a  little  more  trouble.  We 
have  already  pointed  out  that  resistance  is  the  converse  of  con- 
ductivity, or  conductance  as  it  is  generally  called,  so  that  if  the 
resistance  of  a  conductor  is  symbolized  by  r,   its  conductance 

would  be  --.      If  r  is  unity,  then  we  have  one  mho  or  unit  of 

conductance,  that  is  to  say     ~x^r  =   1  mho.      This  method  of 

calculating  is  sometimes  convenient.  Let  us  suppose  two  wires 
to  be  joined  in  parallel,  their  individual  resistances  being  r,  and 

r2  respectively,  then  their  conductances  will  be     -  and—,   and 

R,  Ra 

T  T  H       I    Tt 

their  united  conductance  will  be       H —  which  is  equal  to  ■-- *. 

Rj       Rj  Rj  Ro 

If  r,  =  500  ohms  and  r2  =  1000  ohms,  the  conductance  will 

,       1  1  500  -f  1000 

be  — -  +  or  - — s=  0*003  mho. 

500       1000       500  x  1000  ° 

But  the  converse  of Ms  — -— a    and  this  will  represent 

R,  r2         r,  +  Ra  r 

the  joint  resistance,  or 

500  x  1000      500,000 

_    _. «/_   _  -.  ^y-5  ohms, 

500  +  1000    1500    °°°  ° 
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Briefly  put,  it  may  be  said  that  the  joint  resistance  of  any  two 
conductors  is  equal  to  the  product  of  those  resistances,  divided 
t>y  their  sum. 

Similarly,  with  three  (or  more)  wires  of  different  resistances, 
their  united  conductance  would  be — 

I  II  R,  R2  +  R2  R3  +  R,  R3      - 

+  ~  +  ^~:=s-   — x>'  r%    r>   —  mnos, 

Rj  Kg  R3  Kj    R2   R3 


whence  the  joint  resistance  will  be 

ohms. 


Ri  R2  R3 


Ri  Ra  "f*  R2  R3  "i"  ^1  R3 


If  R„  R2,  and  r3  are  500,  1000,  and  2000  ohms  respectively, 
their  joint  resistance  will  therefore  be 

500  x  1000  x  2000 


(500  x  1000)  +,(1000  x  2000)  +  (500  x  2000) 

=  1,000,000,000^  2g   ohms 
5,500,000 

It  should  be  obvious  that  the  united  conductance  of  any 
number  of  parallel  conductors  must  be  greater  than  the  conduct- 
ance of  any  one  of  them,  or  conversely  the  joint  resistance  of  any 
number  of  parallel  conductors  must  be  less  than  the  resistance  of 
the  best  conductor. 

In  the  process  of  electrical  testing  it  is  frequently  found  to  be 
necessary  to  employ  wires  of  various  resistances,  either  as  standards, 
for  comparison,  or  simply  for  the  purpose  of  inserting  in  a  circuit 
to  vary  the  strength  of  the  current  therein.  The  wires  are  usually 
coiled  up  or  wound  on  bobbins,  so  as  to  occupy  little  space,  and 
they  are  then  placed  in  a  convenient  case  or  box.  Such  a  set 
of  coils  is  known  as  a  resistance-box,  or  rheostat.  But  if  the 
coils  are  to  be  made  of  any  real  value  as  standards  or  for  measur- 
ing purposes,  great  care  must  be  exercised  not  only  in  ascertaining 
their  exact  resistance,  but  also  in  selecting  the  materials  of  which 
they  are  made,  so  as  to  avoid  deterioration  or  change  of  any  kind. 
The  wire  must  be  completely  covered  throughout  by  some  good 
insulating  substance,  to  prevent  contact  between  adjacent  convolu- 
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tions,  and  the  material  used  for  this  purpose  must  be  able  to 
withstand  without  change  the  highest  temperature  to  which  it  is 
likely  to  be  subjected  ;  and  it  must  also  be  incapable  of  producing 
any  injurious  action  on  the  wire.  The  best  insulating  material  for 
such  resistance  coils  is  silk  thread,  which  is  wound  spirally  over 
the  wire  in  one  or  two  layers.  The  metal  employed  for  the 
conductor  must  be  free  from  any  liability  to  oxidation ;  and  another 
important  matter  for  consideration  is  the  amount  of  its  variation 
in  resistance  with  a  given  change  of  temperature. 

In  very  important  work  it  is  necessary  to  know  the  tempera- 
ture at  which  a  coil  was  originally  measured,  and  either  to  bring 
it  to  that  same  temperature  during  the  experiment,  or  else  to  make 
a  correction  in  the  result.  But  either  course  is  somewhat  tedious, 
and  in  ordinary  cases  impracticable.  In  practice  the  coils  are 
measured  at  the  temperature  near  which  it  is  probable  they  will 
generally  be  used,  say  150  C.  (590  F.),  and  the  error  lessened  by 
employing  a  metal  whose  percentage  of  resistance  variation  with 
change  of  temperature  is  very  low. 

In  addition  to  changing  with  any  alteration  in  the  temperature 
of  the  atmosphere,  the  wire  is  more  or  less  heated  by  the  passage 
of  the  current  itself,  so  that  the  resistance  of  the  wire  may  easily 
alter  during  even  a  brief  or  rapidly  performed  test  or  experiment. 
An  examination  of  the  table  given  on  page  20  shows  the  variation 
of  a  platinum-silver  alloy  and  also  that  of  platinoid  to  be  very 
small,  and  these  alloys  are  therefore  very  extensively  employed 
in  high-class  apparatus. 

For  coils  of  high  resistance  it  is  necessary  to  choose  a  metal 
whose  specific  resistance  is  high;  otherwise  the  length  of  wire 
would  sometimes  be  inconveniently  great.  For  low  resistances, 
however,  this  is  not  so  important ;  in  fact,  if  a  metal  of  high  specific 
resistance  is  then  used,  the  wire  must  be  comparatively  thick, 
otherwise  it  would  be  so  short  that  very  great  difficulty  would  be 
experienced  in  making  the  coils  of  exactly  the  right  resistance, 
because  a  considerable  difference  would  be  caused  by  a  small 
error  in  the  length  of  the  wire.  In  all  cases,  however,  there  is 
the  great  advantage  in  the  use  of  a  thick  wire  that  a  given 
amount  of  heat  raises  its  temperature  to  a  less  extent  than  it  would 
a  thinner  wire. 
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Copper  is  unsuitable  for  ordinary  resistance  coils  on  account  of 
its  great  variation  in  resistance  under  a  variation  of  temperature  ; 
and,  as  its  specific  resistance  is  low,  it  would  be  necessary  to 
employ  either  a  very  long  or  a  very  fine  wire  to  make  a  coil  of 
high  resistance.  Taking  into  consideration  cost,  durability,  high 
specific  resistance,  and  low  temperature  error,  German  silver  is 
undoubtedly  the  most  useful  material  for  general  purposes,  and  it 
is  consequently  used  more  frequently  than  anything  else. 

A  single  resistance  coil — such,  for  example,  as  a  standard  coil, 
or  one  designed  for  some  other  special  purpose — is,  after  having 
been  carefully  wound  on  an  ebonite  or  boxwood  bobbin,  usually 
mounted  in  a  case  or  box  furnished  with  an  ebonite  cover. 
Two  brass  blocks  or  plates,  to  which  the  ends  of  the  wire  are 
soldered,  are  screwed  on  to  the  under  side  of  this  cover.  Con- 
nection with  the  external  circuit  is  made  by  means  of  terminals 
fixed  on  the  top  of  the  case,  and  connected  electrically  with  the 
plates  underneath.  The  form  of  terminal  employed  is  a  matter  of 
more  importance  than  it  is  usually  considered  to  be,  for  the  con- 
tact surfaces  at  the  junction  of"  two  Fit  f 
conductors  always  offer  some 
resistance,  and  if  these  surfaces 
are  oxidised  or  dirty,  or  if  the 
contact  is  not  firm,  this  resistance 
will  probably  be  considerable. 
It  is  for  this  reason  that  the  form 
of  terminal  or  binding  screw 
shown  in  fig.  7  is  open  to  serious 
objection,  the  contact  being  as  a 
rule  uncertain.  Such  terminals, 
in  which  dependence  for  good 
contact  has  really  to  be  made 
upon  the  end  of  a  screw  (fre- 
quently pointed  as  if  to  accentuate  the  evil),  should  be 
avoided,  at  least  for  small  wires  or  such  as  can  be  readily  bent 
with  the  fingers.  A  much  better  and  more  reliable  terminal  is 
that  shown  in  fig.  8,  where  the  wire  is  clamped  between  a  fixed 
base  and  a  screw  nut  In  tightening  the  nut  a  rubbing  effect  is 
produced,  which  assists  in  removing  any  superficial  dirt  either  on 


32  Electrical  Engineering  our.n 

the  wire  or  on  the  terminal,  and  so  tends  to  insure  good  and 
reliable  contact.  When  using  this  terminal  the  wire  should  be 
bent  round  the  screwed  stem,  and  not  simply  gripped  upon  one 
side  of  it,  otherwise  there  will,  in  tightening  up,  be  a  risk  of 
bending  the  stem.  The  end  of  the  wire  should  also  be  bent 
round  the  back  of  the  stem  from  left  to  right,  that  is  in  the 
direction  in  which  the  nut  is  turned,  so  that  the  nut  in  turning 
shall  draw  the  wire  in  towards  the  stem  If  the  wire  is  bent  in 
the  opposite  direction  it  will  frequently  happen  that  the  wire  is 
squeezed  out  of  the  terminal.  With  the  large  wires  used  on 
electric  lighting  and  power  circuits  it  is  inconvenient,  and  some- 
times impracticable,  to  bend 
*  the  conductor.     In  that  case 

the  first- mentioned  type  of 
terminal  (fig.  7),  or  a  modifi- 
cation of  it,  is  occasionally 
resorted  to,  but  the  best  plan 
in  such  cases  is  to  solder  a 
brass  thimble  (rig.  9)  on  to 
the  end  of  the  conductor,  the  free  end  being  provided  with  a  flat 
lug  or  shoulder  through  which  a  hole  has  been  drilled  large 
enough  to  allow  it  to  be  slipped  over  the  stem  of  a  terminal.  A 
good  electric  contact  can  then  be  ensured  by  screwing  the  nut 
down  firmly,  for  which  purpose  the  nut  should  be  square  or 
hexagonal,  so  that  it  can  be  tightened  by  means  of  a  spanner. 

As  it  more  generally  happens  that  a  number  of  coils  are 
required  to  be  so  put  together  that  the  resistance  to  be  introduced 
into  any  particular  circuit  can  be  varied  at  will  from  zero  to 
the  maximum,  special  devices  have  to  be  employed  to  obtain  this 
result  with  the  smallest  possible  waste  of  time.  Fig.  10  shows  the 
best  method  of  casing  a  number  of  coils  of  various  resistances; 
all  the  coils  are  joined  in  series,  and  the  junction  of  each  pair  is 
soldered  to  the  bottom  of  a  brass  block,  or,  better  still,  to  a  pin 
projecting  from  the  under  side  of  the  block.  Care  is  taken  in 
winding  to  insure  the  absence  of  contact  or  leakage  between  one 
portion  of  the  wire  and  another,  and  this  is  particularly  desirable 
in  the  method  of  winding  shown  in  the  figure  (and  referred  to  on 
page  $4)'  as  "'t'1  sue'1  winding  there  is  the  maximum  potential 
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difference  between  adjacent  turns  of  wire  at  the  outer  end  of 
every  coil,  and  therefore  the  greatest  risk  of  '  short-circuiting '  or 
the  leakage  of  the  current  from  one  wire  to  the  other.  The 
bobbins  are  fixed  to  the  under  side  of  the  ebonite  top  of  the  case, 
the  wires  being  connected  to  the  brass  blocks  a,  6,  c,  d,  e,  which 
are  firmly  fixed  to  the  upper  side  of  the  ebonite,  the  adjacent  ends 
of  the  various  blocks  being  turned  out  to  receive  a  slightly  tapered 
or  conical  brass  plug.  The  end  blocks  are  fitted  with  terminal 
screws,  Ti  and  t2,  to  which  any  external  wires  can  be  connected. 
Now,  if  a  wire  leading  from  the  copper  pole  of  a  battery  is  joined 
to  the  terminal  t,,  and  another  from  the  zinc  pole  to  t„ 
a  current  will  flow  through  the  coils  in  the  resistance-box,  starting 

Fig.  zo 


from  the  left-hand  block,  a,  and  passing  through  the  resistance 
.coil  No.  1  to  the  second  block,  b.  Here  it  has  two  paths  open 
to  it :  one  through  the  coil  No.  2,  of  comparatively  high  resistance, 
and  the  other  through  the  brass  plug  p,  which  has,  practically,  no 
resistance  at  all.  All  the  current  will  therefore  pass  by  the  latter 
path,  and  none  through  the  coil,  which  under  these  circumstances 
is  said  to  be  *  short-circuited  '  by  the  plug  p.  The  current  must 
pass  through  the  coils  3  and  4  before  it  reaches  the  terminal  t2. 
If  we  suppose  coil  No.  1  to  offer  a  resistance  of  100  ohms,  No.  2 
of  200  ohms,  No.  3  of  300  ohms,  and  No.  4  of  400  ohms, 
the  total  resistance  interposed  in  the  circuit  by  means  of  the 
resistance  box  with  a  plug'  in  the  position  illustrated  will  be 
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100+300+400=800  ohms,  and  the  range  of  the  box  will  be 
from  zero  to  1,000  ohms  in  steps  of  100  ohms. 

The  brass  plug,  which  should  be  furnished  with  an  ebonite 
cap  or  top,  must  be  carefully  tapered  to  fit  the  hole  exactly. 
Should  there  be  the  slightest  shake,  or  should  there  be  any  dirt 
or  grit  on  the  blocks  or  on  the  plug  itself,  the  contact  will  be  un- 
certain and  the  resistance  variable.  When  properly  made,  the 
plug,  on  being  inserted  with  a  little  pressure  and  a  slight  twist — 
say  to  the  right — should  fit  so  thoroughly  that  on  raising  it 
the  resistance- box  should  be  lifted  with  it.  The  pressure  applied 
should  not  be  excessive,  otherwise  there  will  be  some  risk  of 
distorting  the  cover  of  the  box  or  of  displacing  the  blocks.  The 
plug  should  not  be  made  so  long  that  it  can  butt  against  the 
ebonite  at  the  bottom  of  the  hole,  and  should  the  plug  in  course 
of  time  wear  so  much  that  it  does  touch  the  bottom,  the  end 
should  be  filed  off.  To  remove  the  plug  it  should  be  necessary 
to  first  loosen  it  by  giving  a  slight  twist,  say  to  the  left  There 
should  be  as  many  plugs  as  there  are  coils.  The  lower  and  the 
two  vertical  edges  or  corners  of  the  blocks  should  be  cut  away, 
to  give  a  larger  ebonite  insulating  surface  between  the  blocks  and 
to  allow  this  surface  to  be  kept  clean.  This  arrangement  is 
necessary  in  order  to  prevent,  as  far  as  possible,  any  leakage  being 
caused  by  the  accumulation  of  dust  and  dirt. 

Resistance  coils  fitted  in  this  way  can  easily  be  put  in  or  taken 
out  of  the  circuit  by  withdrawing  or  inserting  plugs  between  the 
brass  blocks  to  which  the  ends  of  the  various  coils  are  connected. 
It  is  hardly  necessary  to  remark  that  the  surfaces  of  contact 
should  not  be  lacquered,  but  should  be  kept  bright  and  clean. 
The  slight  twisting  recommended  above  in  inserting  a  plug  serves 
the  further  useful  purpose  of  keeping  the  contact  surfaces  clean. 

Resistance  coils  are  frequently  used  in  conjunction  with  and 
in  the  immediate  vicinity  of  delicate  measuring  apparatus  in  which 
a  sensitive  magnetised  needle  is  employed.  If,  in  such  cases,  the 
coils  are  wound  continuously  on  the  bobbin,  or  like  cotton  on 
a  reel,  an  c  electro-magnetic  field  '  will  be  set  up  immediately  a 
current  is  sent  through  the  coils,  which  may  be  sufficiently  strong 
to  impart  motion  to  the  needle  of  the  measuring  instrument  If 
the  instrument  is  being  employed  to  measure  either  the  current 
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passing  through  the  resistance  coils  or  any  effect  of  that  current, 
serious  errors  may  be  introduced  by  the  direct  effect  of  the  coils 
upon  the  needle.  Again,  as  we  shall  see  later  on,  it  is  impossible 
to  suddenly  start  or  stop  a  current  in  such  a  coil,  because  work  is 
done  and  time  occupied  in  establishing,  and  again  in  disestablish- 
ing, the  electro-magnetic  field.  These  are  serious  defects,  and  it 
is  fortunate,  therefore,  that  the  remedy  is  simple. 

To  obviate  the  difficulty  it  is  only  necessary  that  the  wire 
should  be  wound  'double'— that  is  to  say,  the  required  length 
should  be  measured  off  and  then  doubled  in  the  middle,  the  two 
halves  being  wound  on  together.  The  meaning  of  this  will 
perhaps  be  more  apparent  on  referring  to  the  illustration  (fig.  10). 
The  double  winding  is  more  easily  managed,  especially  with  long 
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coils,  by  winding  the  two  halves  off  two  separate  spools  or  bobbins 
and  soldering  the  inner  ends  together.  In  either  case  the  two 
extremities  of  each  coil  are  brought  out  together.  We  have  thus 
two  similar  helices  carrying  currents  equal  in  strength  but  opposite 
in  direction,  and  the  consequence  is  that  the  disturbing  effect  which 
would  be  produced  by  one  helix  is  exactly  counteracted  or  neu- 
tralised by  the  opposite  effect  which  would  be  due  to  the  other. 

When  the  coils  to  be  enclosed  in  a  box  are  numerous,  it  is 
inconvenient  to  place  them  in  one  long  row,  and  thus  makea  long 
"■now  box.  It  is  preferable  to  arrange  them  in  two,  three,  or 
more  parallel  rows,  connecting  these  rows  together  by  brass  blocks 
ud  plugs,  as  indicated  in  fig.  1 1.  The  centre  of  each  block  may 
»l»  be  provided  with  a  tapered  hole,  of  the  same  size  as  those 
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between  the  blocks,  in  order  that  the  plugs  may  be  placed  in 
them  when  not  in  use  for  short-circuiting  the  coils.  It  is  most 
important  that  all  the  holes  and  all  the  plugs  should  be  of  exactly 
the  same  dimensions,  so  that  the  plugs  may  be  interchangeable, 
or  that  any  one  plug  may  be  used  for  any  of  the  holes.  Failing 
this,  considerable  inconvenience  and  risk  of  error  would  speedily 
ensue,  for  then  there  would  be  a  particular  plug  for  each  hole, 
and  very  great  difficulty  would  be  experienced  in  using  them  and 
keeping  them  in  their  proper  places. 

Another   very  useful   form    of  resistance -box   or   rheostat  is 
shown  in  fig.  12.    The  coils  are  placed  inside  a  round  brass  case 


or  box  provided  with  an  ebonite  top  and  mounted  on  a  mahogany 
base.  Ten  coils,  each  of  40  ohms  resistance,  are  connected  to 
eleven  rounded  steel  points  projecting  through  the  ebonite  top  of 
the  instrument.  Ten  other  coils,  each  of  400  ohms  resistance, 
are  connected  to  the  steel  points  on  the  other  half  of  the  top 
side  of  the  ebonite.  Three  more  coils  are  connected  to  the  brass 
blocks  fixed  on  the  wooden  base  of  the  instrument;  when 
not  required  the  last* mentioned  coils  are  short-circuited  by  the 
usual  brass  plugs.  Supposing  the  current  to  enter  by  the  right- 
hand   terminal,   it   will  pass  to  the  nearest  brass   block,  then 
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through  the  coils  of  4,000,  10,  and  10  ohms  (or  through  such 
plugs  as  may  be  inserted  between  the  respective  blocks),  to  the 
brass  block  nearest  to  the  left-hand  terminal.  It  then  passes 
by  a  piece  of  insulated  wire  under  or  in  the  base  of  the  instru- 
ment to  the  zero  stud  on  the  right-hand  side,  whence  it  will 
pass  through  the  40-ohm  coils  until  it  reaches  the  steel  spring 
carried  by  the  front  brass  arm,  which  is  movable  over  these  coils 
and  studs.  Passing  along  this  arm,  which  is  metallic  throughout, 
it  will  enter  the  other  movable  arm,  and  thence  pass  to  the 
400-ohm  coils.  Leaving  at  the  zero  stud  of  these  400-ohm  coils 
on  the  left-hand  side,  it  will  pass  by  a  thick  wire  direct  to  the  left- 
hand  terminal,  and  so  to  the  other  part  of  the  circuit    The  two 


arms  can  be  readily  and  independently  moved  round  over  the 
steel  studs  or  points,  so  that  the  range  of  one  arm  is  from  o  to  400 
ohms,  and  that  of  the  other  from  o  to  4,000  ohms.  The  total 
resistance  in  circuit  with  the  arms  as  shown,  and  all  three  plugs 
in,  is  3,880  ohms.  The  total  range  of  the  instruments  is  from  10, 
by  multiples  of  10,  up  to  8,430  ohms.  Although  it  is  a  great 
advantage  that  the  resistance  can  be  very  readily  varied,  the 
instrument  is  somewhat  objectionable  for  delicate  measuring 
purposes,  as  the  contact  springs  are  apt  to  get  weak  and  the 
contact  unreliable,  the  resistance  then  becoming  variable. 

Another  method  of  casing  and  joining  up  resistance  coils  is 
shown  in   rigs.    13  and  14.     a  (fig.   13)  is  a  circular  brass  plate. 
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6,  c,  d  are  brass  blocks.  A  tapered  hole  is  provided  between  each 
of  these  outer  blocks  and  the  plate  a  for  the  usual  conical  plug. 
Th  t2  are  the  terminal  screws,  the  latter  of  which  is  permanently 
connected  to  the  brass  plate  a.  One  end  of  each  of  the-  three 
coils  is  soldered  to  terminal  t,  and  the  other  end  of  each  to  one 
or  other  of  the  outer  brass  blocks.  When  it  is  desired  to  insert  one 
of  the  resistance  coils  in  the  circuit,  the  plug  is  placed  in  the  hole 
which  is  between  the  block  connected  to  that  coil  and  the  plate  a. 
Thus  the  operation  is  the  reverse  of  that  previously  described,  for 
here  we  insert  a  plug  to  insert  resistance,  removing  it  to  disconnect 
the  resistance  altogether.  It  is  intended  that  only  one  coil 
should  be  used  at  a  time  ;  and  if  the  plug  is  placed  between  ter- 
minals t,  and  t2  the  whole  box  is  short-circuited.  Fig.  14  shows 
a  box  of  coils  connected  according  to  this  method.  It  is  designed 
for  use  with  a  galvanometer  as  a  set  of  '  shunt  coils/  having  re- 
spectively ^,  -g^,  sIq  of  the  resistance  of  the  galvanometer 
with  which  it  is  intended  to  be  used.  And  in  order  that  the  ratio 
between  the  resistance  of  the  shunt  coil  and  of  the  galvanometer 
coil  may  be  maintained,  notwithstanding  variations  in  temperature, 
the  shunt  coils  are  usually  wound  with  copper  wire.  (The  nature 
and  applicability  of  shunt  coils  will  be  dealt  with  in  Chapter  IV.) 

For  general  use  as  well  as  for  accurate  measurements  the 
form  of  resistance- box  shown  in  figs.  10  and  11  should  be  used. 
But  where  a  means  of  rapidly  varying  the  resistance  is  necessary, 
the  form  shown  in  fig.  12  is  often  employed.  As  we  have  already 
remarked,  resistance  varies  considerably  with  temperature,  and 
consequently  the  temperature  at  which  resistance  coils  are  measured 
should  be  distinctly  marked  on  the  case  containing  them.  Then 
for  very  accurate  tests  they  may  either  be  brought  to  that  tempera- 
ture, or  a  correction  made  in  the  reading ;  but  in  any  case  it  is  known 
whether  any  great  error  is  likely  to  be  caused  by  using  them  at  any 
particular  temperature. 

It  sometimes  happens,  however,  that  sets  of  resistance  coils  are 
required  merely  for  the  purpose  of  dissipating  a  certain  amount 
of  electrical  energy.  For  instance,  it  becomes  necessary,  when 
employing  some  dynamo- electric  machines,  to  reduce  the  electrical 
output  in  response  to  a  correspondingly  reduced  demand  made 
upon  it  by  the  external  circuit  ;  and  this  can  be  done  by  joining 
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extra  resistance  in  series  with  the  '  magnet  coils/  and  allowing  some 
of  the  power  to  be  expended  in  heating  this  extra  resistance.     In 
such  cases  it  is  not  necessary  to  know  exactly  the  value  of  the  resist- 
ance in  ohms,  but  it  must  be  divided  into  a  number  of  small  and 
approximately  uniform  sections,  so  that  its  value  can  be  changed 
gradually.     As  the  currents  employed  are,  in  such  cases,  frequently 
very  strong,  it  is  important  that  the  coils  should  be  able  to  transmit 
such  currents  and  to  withstand  a  considerable  rise  in  temperature 
without  being  in  any  way  injured,  while  at  the  same  time  facilities 
should  be  afforded  for  dissipating  the  heat  generated,  and  thereby 
keeping  the  wires  as  cool  as  possible.     The  wire  must  therefore 
be  left  bare,  so  that  the  heat  generated  can  be  freely  dissipated  by 
radiation  and  convection.     Were  the  wire  to  be  covered  with  any 
insulating  material,  the  dissipation  by  both  these  processes  would 
be  impeded,  and  there  would  be  the  further  disadvantage  that  this 
sheathing  would  sooner  or  later  be  damaged,  if  not  destroyed. 
The  wire  should  be  of  a  metal  which  has  a  fairly  high  specific 
resistance  and  fusing-point,  and  should  not  be  liable  to  deteriora- 
tion by  combining  with  atmospheric  oxygen.     For  these  reasons 
German  silver  and  tinned  or  galvanised  iron  are  usually  employed, 
but  in  special  cases  platinoid  is  resorted  to.     It  is  essential  to 
select  for  the  supporting  frame  a  material  which,  while  strong, 
is  also  non-inflammable  and  a  good  insulator,  with  the  smallest 
possible   power  of   condensing  atmospheric   moisture  upon   its 
surface.     In  fig.  15  is  shown  such  a  set  of  resistances,  suitable  for 
carrying  heavy  currents.    There  are  two  cast-iron  end-frames,  which 
are  hollow  and  have  slate  slabs  fitted  into  them,  these  slabs  being 
held  in  position  by  bolts  which  pass  through  both  the  slate  and 
the  iron  frame.     The  slabs,  projecting  inwards  from  the  frames, 
carry  a  series  of  brass  bolts  and  nuts,  on  to  which  are  fixed  the 
ends  of  spirals  of  bare  German-silver  wire.     Good  slate  free  from 
metallic  veins  is  a  sufficiently  effective  insulator  for  the  purpose, 
and  the  device  of  passing  the  connecting  bolts  right  through  it 
and  securing  them  with  nuts,  instead  of  trusting  to  a  screw-thread 
cut  in  the  material,  renders  it  mechanically   satisfactory.     The 
frame  is  completed  and  made  rigid  by  a  pair  of  iron  rods  which 
are  secured  to  the  cast-iron  ends.    The  whole  of  the  spirals  are 
joined  in  series,  the  two  terminals  for  connection  to  the  external 
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circuit  being  fixed  on  to  the  slate  through  holes  in  the  bottom 
end-frame.  The  left-hand  terminal  is  joined  to  the  bottom  of  the 
left-hand  spiral,  while  the  right-hand  terminal  is  connected  to  the 
lever  of  a  switch  which  passes  over  nine  contact  pillars  rising  from 
the  slate  bed  through  an  opening  in  the  frame.     These  pillars 


are  connected  to  the  lower  junctions  of  the  various  spirals,  and  by 
altering  the  position  of  the  switch  the  spirals  can  be  cut  in  or  out 
of  circuit,  in  pairs,  as  desired.  There  are,  of  course,  many  varia- 
tions of  this  simple  design,  the  chief  aims  of  which  are  to  secure 
the  best  form  of  contact  between  the  movable  arm  and  the  studs, 
and  by  means  of  perforated  metallic  covers  to  protect  surround- 
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ing  objects  from  injury  while  at  the  same  time  allowing  ample 
facilities  for  the  dissipation  of  heat  by  radiation. 

We  have  seen  that  whenever  a  current  of  electricity  flows  a 
certain  amount  of  energy  is  expended  ;  and  it  is  necessary  to  be 
able  to  measure  exactly  the  amount  of  energy  so  expended  in  any 
circuit  or  in  any  part  thereof.  The  quantity  of  work  performed  in 
raising  a  mass  of  one  pound  through  a  difference  of  level  of  one 
foot  against  the  force  of  gravity  is  generally  taken  as  the  unit  of 
mechanical  energy,  and  is  known  as  the  foot-pound.  The  work 
done  in  raising  any  mass  through  any  height  is  found  by  simply 
multiplying  together  the  number  of  pounds  in  that  mass  by  the 
number  of  feet  through  which  it  is  lifted.  Somewhat  similarly  we 
can  take  as  the  practical  unit  of  electrical  energy  the  amount 
expended  in  transferring  a  unit  quantity  of  electricity  (one  coulomb) 
under  a  difference  of  potential  of  one  volt.  And  by  multiplying 
the  number  of  coulombs  which  have  flowed  from  one  point  to 
another  by  the  difference  of  potential  in  volts  between  those 
points,  we  obtain  the  number  of  units  of  electrical  energy 
expended  during  the  passage  of  the  current  The  unit  of  electrical 
energy,  or  one  coulomb  multiplied  by  one  volt,  is  called  a  joule. 
As  a  simple  numerical  example  we  may  suppose  a  current  of  10 
amperes  to  flow  for  5  seconds  ;  then  the  quantity  of  electricity 
passing  through  the  circuit  would  be  50  coulombs;  and  if  this 
current  were  maintained  by  a  potential  difference  of  8  volts,  the 
amount  of  energy  expended  in  that  time  would  be  8  x  50  =  400 
joules. 

As  a  rule,  we  wish  to  know  the  rate  at  which  work  is  being 
done,  in  any  circuit,  rather  than  the  amount  which  is  done  in 
a  given  time.  It  is  evident  that  this  rate  can  always  be  found  by 
dividing  the  amount  of  work  by  the  number  of  seconds  taken  for 
its  performance ;  but  the  same  result  can  be  arrived  at  by  multiply- 
ing together  the  potential  difference  and  the  rate  of  transference  or 
flow  of  electricity,  instead  of  the  quantity  actually  transferred  in 
a  given  time.  Now  the  rate  of  flow  of  electricity  is  what  we  know 
as  the  current  strength,  which  is  measured  in  amperes.  There- 
fore, if  the  difference  of  potential  in  volts  between  any  two  points 
is  multiplied  by  the  resulting  current  in  amperes,  the  product  gives 
the  rate  at  which  energy  is  being  expended,  or  the  rate  of  working 
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between  those  two  points.  The  unit  rate  of  working  ox  the  unit 
of  power  is  called  the  watt — that  is  to  say,  i  ampere  x  i  volt 
=  i  watt.  Therefore,  if  a  difference  of  potential  of  20  volts  between 
the  ends  of  a  wire  maintains  a  current  of  3  amperes,  the  rate  of 
working  is  3  x  20  =  60  watts. 

It  is  desirable  that  the  relation  between  mechanical  and  elec- 
trical rates  of  working  should  be  understood.  The  mechanical 
unit  is  termed  the  *  horse-power,'  and  is  equal  to  that  rate  of 
working  which  if  continued  for  one  minute  would  expend  33,000 
foot-pounds  of  energy,  or  raise  33,000  pounds  one  foot  in  height 
One  horse-power  is  equal  to  746  watts,  so  that,  having  calcu- 
lated the  number  of  watts  absorbed  in  any  particular  case,  on 
dividing  this  number  by  746  we  get  the  rate  of  working,  or  rate  of 
expenditure  of  energy,  expressed  in  horse-power.  This  power  of 
746  watts  is,  therefore,  frequently  referred  to  as  the  electrical 
horse-power,  but  since  the  general  introduction  of  electric  lighting 
another  unit  of  electrical  power  has  been  adopted.  This  unit  is 
equal  to  1,000  watts,  or  the  power  expended  by  1,000  amperes  at 
a  potential  difference  of  1  volt.  A  convenient  name  for  this  unit 
is  a  kilowatt,  but  in  practice  it  is  sometimes,  although  erroneously, 
contracted  into  *  unit.'  Thus  a  dynamo-electric  machine  capable 
of  developing,  say,  300  amperes  at  a  potential  difference  of  200 
volts,  or  300  x  200  =  60,000  watts,  is  often  referred  to  as  a 
60-unit,  instead  of  a  60-kilowatt,  machine. 

Another  very  useful  and  important  practical  unit  is  that 
generally  known  as  the  Board  of  Trade  unit,  or  the  kilowatt-hour 
It  is,  therefore,  a  unit  of  energy,  and  is  equal  to  1,000-ampere- volt- 
hours.  Thus,  if  a  current  of  5  amperes  at  a  potential  difference 
of  100  volts  be  maintained  for  two  hours,  one  kilowatt- hour  will 
have  been  expended.  The  amount  of  energy  expended  can  be 
easily  calculated  in  Board  of  Trade  units  by  multiplying  together 
the  current  in  amperes  (c),  the  electro- motive  force  in  volts  (e), 
and   the  time  in    hours  (t),  and  dividing  the  product  by  1,000. 

Thus  =  B.  of  T.  units.     The  public  supply  of  elec- 

1000  r  rr  J 

tricity,  whether  for  lighting  or  power  purposes,  is  usually  measured 

in  kilowatt-hours,  and  the  kilowatt-hour  is  the  quantity  to  which 

the  term  '  unit '  should  be  confined. 
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Fig.  16 


When  electricity  is  communicated  to  a  conductor  its  potential 
is   raised,  and  the  amount  of  electricity  required  to  raise  the 
potential,  say,  from  zero  to  one  volt  is  a  measure  of  its  capacity  ; 
or,  in  other  words,  a  conductor  has  one  practical  unit  of  capacity 
when  one  coulomb  of  electricity  will  raise  its  potential  to  one  volt. 
This   unit  of  capacity  is  called  the  farad,  but  owing  to  the  fact 
that    the  largest  conductor  ever   made  would   attain    a   much 
higher  potential  than  one  volt  when  one  coulomb  of  electricity 
is  communicated  to  it,  a  smaller  or  sub-unit  has  been  adopted  in 
order  to  avoid  the  necessity  of  always  using  small  fractions.     The 
sub-unit  is  the  microfarad,  and  is  equal  to  one-millionth  of  a 
farad,  which  is  usually   indicated   by  the  abbreviation   mf.     It 
may  be  interesting  to  note  that  the  earth  has  a  capacity  of  about 
700  m£,  and  as  the  capacity  of  a  sphere  varies  directly  as  its 
radius,   it  follows  that  a  sphere  whose   radius  is   ^  of  the 
earth's  radius  would  if  suspended  in  space    remote  from   all 
other     conductors     have     a 
capacity  of    one   microfarad. 
It  is  necessary  to  specify  the 
isolation  of  the  sphere  in  this 
case  because  the  proximity  of 
other  conductors  affects   the 
question  very  materially.   This 
arises  from  the  fact  that  when 
an  electrified  body  is  placed 
in  proximity  to  an  unelectrined 
body,  electricity  is  generated 
upon  the  latter  by  so-called  in- 
duction.   Let  us,  for  example, 
consider  the  case  of  a  metal 
plate  a,   fig.    16,    which  has 
been  raised  to  a  certain  potential  by  the  communication  of,  say,  a 
positive  charge.     In   the  absence  of  any  other  conductor  the 
assumed  lines  of  force  will  be  mostly  straight  and  concentrated 
around  the  edge   of  the  plate.      If  another  similar  plate  b  be 
suspended  near  and  parallel  to  a,  there  will  be  a  certain  amount 
of  inductive  effect  produced,  the  near  side  of  b  will  be  oppositely, 
that  is  to  say  negatively,  electrified,   and   the  remote  side  will 
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be  positive.      The  negative  electrification   of  b  will  be  equal  in 
amount  to  its  positive  electrification,   and   the   arrangement  of 
the  lines  of  force  will  be  somewhat  similar  to  that  shown  in  the 
figure.      It  will  be  noticed  that  a  portion  of  the  lines  emanating 
from   a   impinge   upon  b  and  appear  to  pass  through   it,    the 
remainder  of  a's  lines   being  more  or  less   distorted    but    not 
passing  into  B.     This  remainder  is  known  as  the  *  free '  charge, 
while  those  lines  which  pass  into  b  are  said  to  constitute  a  *  bound ' 
charge.     That  portion  which  is  in  the  so-called  bound  condition 
does  not  affect  the  potential  of  a,  which  is  dependent  solely  upon 
the   free  lines  of  force.      If  it   is  desired   to  re-establish   the 
potential  which  obtained  on  a  prior  to  the  approach  of  b,  more 
electricity  must   be  communicated  to  it     In  other  words,  the 
proximity  of  b  has  increased  the  capacity  of  a.     So  long,  however, 
as  b  remains  insulated,  or  does  not  envelop  a,  the  effect  is  not 
considerable.      If,  on  the  other  hand,  b  be  now  earth  connected, 

practically  the  whole  of  the  lines  of  force  on  a 
IO"  I7  will  concentrate  themselves  on  b  and  will  arrange 

themselves  somewhat  after  the  manner  indicated 
in  fig.  17.  In  other  words,  nearly  the  whole  of 
the  charge  on  a  has  been  transferred  from  the  free 
to  the  bound  condition,  and  the  potential  of  a  has 
been  reduced  almost  to  zero,  and  a  second  and 
much  greater  charge  will  be  necessary  in  order 
to  raise  the  potential  of  a  to  its  previous  value. 
The  earthing  of  b  is  equivalent  to  bringing  a  and 
the  earth  itself  correspondingly  close  together.  It 
has  been  stated  that  the  capacity  of  a  conductor  varies  as  the 
quantity  of  electricity  required  to  raise  its  potential  from  zero  to 
unity,  or,  if  k  represents  the  capacity  and  v  the  potential 

k  =  . ,  or  v  =  - . 
v  K 

As  in  the  case  of  a  sphere  the  several  parts  of  its  surface  are  equi- 
distant from  its  centre,  it  follows  that  the  average  distance  of  those 
parts  from  a  given  external  point,  but  close  to  its  surface,  will  be 
equal  to  the  distance  from  the  centre  of  the  sphere  to  that  point ; 
it  is  said  that  the  charge  on  a  sphere  behaves  as  though  it  were 
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located  at  its  centre,  and  this  explains  in  a  measure  the  fact  that 
the  capacity  of  a  sphere  is  directly  proportional  to  its  radius,  or, 
k  varies  as  r.  When,  however,  the  conductor  is  not  spherical,  or 
is  adjacent  to  other  conductors,  the  problem  is  much  more  com- 
plicated. This  will  be  evident  if  the  experiment  with  the  two 
plates  illustrated  in  figs.  16  and  17  be  again  considered. 

Such  an  arrangement  as  that  indicated  in  figs.  16  and  17,  con- 
sisting of  two  conducting  bodies  separated  by  an  insulator,  is  known 
as  a  condenser,  of  which  the  well-known  Leyden  jar  was  the  earliest 
example.     Here,  however,  another  important  element  enters  into 
the  question.    The  medium  separating  the  two  plates  in  fig.  1 7  is  air, 
which  in  a  dry  state  is  almost  a  perfect  insulator,  and  in  which, 
owing  to  its  being  a  gas  or  mixture  of  gases,  the  particles  have  no 
approach  to  continuity,  as  in  the  case  of  a  solid  body.     When  a 
liquid  insulator,  and  to  a  greater  extent  when  a  solid  insulator  is 
interposed  between  the  conducting  plates,  electrostatic  induction 
takes  place  much  more  freely  and  the  capacity  of  the  condenser  is 
increased  accordingly.     The  insulating  medium  which  separates 
the  two  conductors  of  a  condenser  is  called  a  dielectric,  and  the 
induction  which  a  dielectric  permits  as  compared  with  dry  air 
under  similar  conditions  as  to  potential  and  dimensions  is  known 
as  the  specific  inductive  capacity.     Thus  the  specific  inductive 
capacity  of  air  being  taken  as  unity,  that  of  glass  is  from  2  to  5  for 
flint  glass,  from  5  to  10  for  crown  glass,  and  of  paraffin  wax  is  from 
1  "9  to  2*3.     This  means  that  if  in  a  given  condenser  such  as  that 
indicated  in  fig.  17  we  substitute  crown  glass  for  air  10  times  as 
much  electricity  may  be  required  to  raise  the  potential  of  the  con- 
denser from  zero  to  unit  potential  than  would  be  necessary  with  air, 
while  if  paraffin  wax  were  used  about  2*1  times  as  much  electricity 
would  on  the  average  be  required. 

There  is  another  interesting  phenomenon  observable  with 
liquid  or  solid  dielectrics,  and  that  is  that  when  a  charge  of 
electricity  is  communicated  to  the  condenser  the  potential 
gradually  falls  for  some  time.  If  a  source  of  e.m.f.,  such  as  a 
number  of  primary  cells  joined  together,  be  kept  connected  to  the 
condenser,  it  will  be  noticed  that  electricity  will  continue  to  pass 
into  the  condenser  for  an  appreciable  time.  Obviously,  as  the 
metal  plates  forming  the  conductors  have  very  high  conducting 
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properties  the  charge  of  electricity  should,  in  the  absence  of  any 
disturbing  factor,  be  instantaneous,  and  the  condenser  should 
promptly  attain  and  maintain  its  normal  potential.  The  effect  is 
apparently  due  to  the  charge,  when  it  is  communicated  to  the 
conductors,  gradually  soaking  into  the  pores  of  the  dielectric  as  a 
result  of  the  attraction  between  the  two  opposite  charges,  or,  as 
we  may  otherwise  put  it,  as  a  result  of  the  effort  of  the  lines  of 
force  to  shorten  themselves.  The  consequence  of  the  soaking-in 
is  also  seen  on  the  discharge  of  a  condenser,  and  for  the  purpose 
of  demonstrating  this  a  Leyden  jar  or  other  condenser  with  a 
glass  dielectric  is  very  useful.  If  such  a  condenser  be  charged  to 
a  high  potential  and  then  discharged  a  spark  will  pass.  Had  the 
dielectric  been  dry  air  the  discharge  would  have  been  complete, 


Fig.  i  8 


a  c- 


b 
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but  with  glass  it  is  only  partial,  for  after  waiting  a  few  seconds 
another  but  feebler  discharge  can  be  observed.  This  is  due  to 
the  charge  which  had  soaked  in  under  the  high  potential,  soaking 
out  again  when  that  potential  is  reduced.  The  practical  conse- 
quence of  this  is  that  in  testing  the  capacity  of  insulated  cables, 
consisting,  for  example,  of  a  copper  conductor  surrounded  by 
vulcanized  indiarubber  or  by  gutta-percha,  it  is  specified  that  the 
cable  shall  be  immersed  in  water  up  to  but  not  including  its 
extremities  for  a  period  of  twenty-four  hours  so  that  the  soaking 
effect,  or  the  '  electrification  '  of  the  dielectric  shall  have  attained 
a  maximum  before  the  final  test  is  taken. 

In  building  up  a  condenser  for  practical  purposes  paper 
saturated  with  paraffin  wax  is  most  frequently  employed,  and  the 
high  specific  inductive  capacity  of  the  wax  is  in  most  cases  advan- 
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Fig.  19 


tageous,  but  great  care  has  to  be  taken  in  ensuring  the  necessary 

insulation  between  the  conductors,  which  should  be  as  thin  as 

possible.     A  modern  condenser  consists  therefore  of  a  number  of 

sheets  of  tinfoil,  separated  by  sheets  of  paraffined  paper.     The 

alternate  sheets  of  tinfoil  are  connected  together,  the  result  being 

equivalent  to  a  single  pair  of  very  large  sheets ;  fig.  1 8  illustrates 

the  arrangement.     The  sheets  a  a  connected  to  a  terminal  at  a 

form  one  side  or  plate  of  the  condenser,  and  the  sheets  b  b  b 

connected  to  b  form  the  other  side.     The  interleaving  sheets  of 

paper  c  c  extend  beyond  the  tinfoil  so  as  to  prevent  the  charge 

from  sparking  across  between  a  and  b.   In  practice  the  sheets  are 

frequently  cut  as  shown  in  fig.  19,  where  c  c  represents  a  sheet  (but 

generally  two  sheets   are  used  to 

ensure     insulation)    of    paraffined 

paper  with  the  tinfoil  sheet  a  a  a 

resting  upon  it,    the   corner  piece 

a  extending  beyond  the  paper,  while 

a  similar  sheet  b  b  b  lies  beneath  the 

paper   but  with    its    corner    piece 

exposed  on  the  side  b.     When  the 

requisite  number  of  pairs  have  been 

built  up,   the  corners  at  a  and  b 

respectively  are  clamped  together. 

There  are  other  methods  of  shaping 

the  tinfoil  and  paper  sheets,  but  all 

have  the  same  object — namely,  to 

provide   two   extensive   conducting 

surfaces  effectively  insulated  from  each  other.  The  paper  must 
be  thoroughly  dried  and  well  served  with  melted  paraffin  wax  to 
increase  the  insulation  and  prevent  the  subsequent  absorption  of 
moisture.  Usually  the  condenser  is  made  up  so  as  to  be'  below 
the  required  electrical  capacity,  and  while  the  wax  is  still  warm  it 
is  placed  in  a  press  and  squeezed  together  until  the  greater 
proximity  of  the  metal  sheets  raises  the  capacity  to  the  required 
value.  Great  care  must  be  taken  in  selecting  and  treating  the 
paper.  It  must  be  thin  and  absolutely  free  from  holes  (which  very 
few  thin  papers  are),  otherwise  there  will  be  considerable  risk  of 
the  charge  sparking  through,  and  then  not  only  is  the  charge 
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lost,  but  the  condenser  is  permanently  damaged.  For  this  reason 
banknote  paper  is  usually  employed.  The  series  of  sheets  of 
tinfoil  and  paper  make  with  the  cooled  paraffin  wax  a  solid  mass, 
known  technically  as  a  condenser  plate. 

As  a  rule  the  plates  are  made  up  to  some  definite  capacity,  say 
one  microfarad  each,  and  a  number  of  plates  are  then  combined 
to  produce  any  other  desired  capacity.  The  majority  of  condensers 
consist  of  a  series  of  capacities,  such  as  i,  2,  3,  and  4  mf,  the 
making  up  of  which  would  involve  the  use  of  ten  one-microfarad 
plates,  the  whole  clamped  between  two  iron  plates  and  enclosed 
in  a  wood  or  other  convenient  box,  fitted  on  the  top  or  at  the  end 
of  which  is  an  ebonite  plate  similar  to  that  used  for  resistance 
boxes  (see  fig.  10).  The  connections  are,  however,  arranged 
differently,  as   may  be  seen  from  fig.'  20,  where  a,  b   are  the 

Fig.  90 


terminals  to  which  the  external  wires  should  be  connected.  The 
condenser  plates  c  c  c  c  are  all  connected  on  one  side  to  terminal 
a,  the  other  sides  being  connected  to  one  or  other  of  the  brass 
blocks  d  d  d  d.  Terminal  b  is  mounted  upon  a  substantial  brass 
strip  0,  b,  which  together  with  the  brass  blocks  and  terminal  a 
are  mounted  on  the  ebonite  strip  or  plate  efg  h.  The  insertion 
of  pegs  between  a  b  and  the  brass  blocks  introduces  into  the 
circuit  any  required  capacity  from  1  to  10  mf. 

When  the  condenser  is  required  to  carry  very  high  voltages,  or 
when  there  is  considerable  power  as  well  as  potential  to  be  dealt 
with,  mica  is  frequently  employed  instead  of  paper,  but  mica  is 
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thicker  than  paper,  and  as  the  tinfoil  sheets  cannot  therefore  be 
brought  so  close  together,  more  sheets  have  to  be  used  in  order 
to  provide  a  similar  electrostatic  capacity. 

It  will  probably  have  become  evident  to  the  student  that  the 

building  up  of  condensers  in  the  manner  described  is  a  costly 

matter,  the  whole  of  the  work  having  to  be  done  by  hand.     The 

thinnest  tinfoil  obtainable  is  also,  in  view  of  the  fact  that  only  a 

metal  surface  is  necessary,  thicker  than  is  actually  required  for  the 

purpose.     Attempts  have  been  made  to  simplify  the  manufacture 

by  rolling  up  two  continuous  strips  of  tinfoil,  but  the  thinnest  foil 

can  only  be  made  in  lengths  of  three  or  four  feet,  while  the  use  of 

thicker  foil  would  increase  the  cost,  as  well  as  the  weight  and  bulk 

of  the  condenser.     Mr.  G.  F.  Mansbridge  has  devised  a  simpler 

and  much  cheaper  form  of  construction  ;  he  uses  paper  coated  on 

one   side  with  metallic  tin  in  a  finely  divided  state,  the  paper 

forming  the  dielectric  and  the  metallic  coating  forming  the  plate ; 

such  paper  can  be  obtained  in  strips  of  as  great  a  length  as 

desired.     The  material  known  as  '  tinfoil  paper '  commonly  used 

for  wrapping  tea,  &c,  has  been  found  to  be  fairly  suitable  for  the 

purpose  and  is  obtainable  in  large  quantities  at  a  cheap  rate ;  this 

tinfoil  paper  is  prepared  by  applying  to  the  paper  finely  divided 

tin  in  the  form  of  a  paste,  suitable  means  being  provided  to 

ensure  a  sufficiently  even  distribution  of  the  paste.     The  pasted 

paper  is  afterwards  passed  under  heated  calenders  so  as  to  burnish 

and  consolidate  the  coating   of  tin.     The   use   of  a  sufficient 

quantity  of  tin  and  the  proper  calendering  of  the  paper,  so  as  to 

render  the  conducting  surface  practically  continuous,  are,  however, 

essential  in   the   manufacture   of   satisfactory   tinfoil  paper  for 

condenser  purposes. 

Condensers  might  be  constructed  on  this  principle  by  apply- 
ing two  coatings  of  tin  to  the  opposite  sides  of  a  single  sheet  of 
paper,  an  uncoated  margin  being  left;  the  coated  strip  being 
then  rolled  up  with  an  uncoated  strip  in  the  same  manner  as  with 
two  coated  strips ;  but  in  order  to  ensure  a  high  insulation  it  is  the 
practice  to  use  two  single  coated  strips  of  paper  interleaved  with  thin 
unfoiled  paper  so  as  to  obtain  a  double  thickness  of  dielectric. 

After  sufficient  lengths  of  coated  and  uncoated  paper  have 
been  coiled  up,  the  roll  is  Temoved  from  the  mandrel  and  is  then 
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dried  for  about  24  hours  at  a  temperature  of  240 °  to  2500  F.  It 
is  then  placed  in  a  vacuum  pan  containing  melted  paraffin  wax 
sufficient  to  cover  the  '  plate ' ;  the  air  is  then  exhausted,  and  a 
vacuum  as  high  as  is  practicable  is  maintained  for  two  hours,  the 
temperature  of  the  wax  being  kept  at  ioo°  C.  On  removal  from 
the  pan,  the  superfluous  wax  is  removed  with  a  wood  stick  or  tool, 
and  the  roll  is  transferred  to  a  water-cooled  screw  press  for  about 
five  minutes,  whence  it  emerges  as  a  flat  compact  slab  or  '  plate,' 
the  edges  being  freed  from  any  superfluous  wax  that  may  remain 
by  rubbing  them  lightly  over  a  '  hot-plate.'  The  insulation  resist- 
ance (see  Chapter  V.)  of  a  microfarad  plate  is  about  1,000  O. 
The  coated  paper  is  obtainable  in  continuous  reels  weighing  from 
12  to  14  lb.  and  of  any  width,  6\  inches  being  a  convenient  size. 
Experience  has  shown  that  the  heavy  pressure  to  which  the  paper 
is  subjected  in  the  process  of  calendering  forces  through  the 
pores  of  the  paper  minute  particles  of  metal,  which  either  form  an 
electrically  conducting  path  from  one  side  of  the  paper  to  the 
other,  or  partially  bridge  the  space  between  the  two  sides  of  the 
paper,  and  thereby  render  such  places  liable  to  break  down  when 
the  opposite  sides  of  the  paper  are  charged  to  a  high  potential 
difference.  Faults  of  this  nature  are  ingeniously  removed  by 
passing  the  paper  over  two  sets  of  conducting  rollers,  one  set 
being  in  contact  with  the  foiled  surface  and  the  other  with  the 
plain  side  of  the  paper.  The  rollers  on  the  opposite  sides  of  the 
paper  are  connected  respectively  with  the  poles  of  a  battery  or 
other  source  of  electro-motive  force,  and  when  a  defective  place 
passes  over  the  roller  which  is  in  contact  with  the  plain  side  of  the 
paper,  an  electrical  current  is  completed  through  the  defective 
place,  and  a  sufficiently  high  electro-motive  force  being  used,  a 
momentary  current  of  considerable  strength  passes  and  fuses  or 
volatizes  the  thin  layer  of  metal  immediately  adjacent  to  the 
defect,  and  renders  it,  over  a  small  area,  discontinuous  and  non- 
conducting. From  an  electric-light  engineer's  point  of  view,  this 
self-sealing  property  is  of  importance,  for  it  has  been  experiment- 
ally demonstrated  that  if  pins  be  pushed  into  the  plate  so  as  to 
short-circuit  it  at  a  number  of  places,  and  if  the  pins  be  withdrawn, 
the  next  succeeding  current  of  appreciable  strength  speedily 
breaks  down  the  short  circuits  by  fusing  the  conducting  material 
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in  the  immediate  vicinity  of  the  pinholes.  This  is  a  phenomenon 
which  could  not  be  reproduced  in  the  case  of  ordinary  tinfoil 
condensers.  When  good  thin  interleaving  paper  is  used,  the  area 
of  the  foiled  surface  required  for  a  condenser  is  about  2,500 
square  inches  per  microfarad. 

It  will  on  reflection  be  evident  that  a  submarine  cable,  or  a 
subterranean  cable  laid  in  iron  pipes,  or  a  lead-covered  cable  is 
to  all  intents  and  purposes  an  effective  condenser,  in  which  the 
conductor  corresponds  to  the  plate  a  in  fig.  17,  and  the  metal 
sheathing  of  the  submarine  cable,  or  the  iron  pipe  of  the  sub- 
terranean india-rubber-covered  cable,  or  the  lead  sheathing  of  the 
third  type  of  cable,  corresponds  to  the  plate  b. 

It  may  interest  the  student  to  learn  that  the  capacity  of  a 
submarine  cable  is  usually  0*3  mf.  per  mile ;  of  a  paper  insulated 
subterranean  telegraph  cable  o*i  mf.  per  mile,  and  of  an  open 
telegraph  wire,  with  the  air  between  it  and  the  earth  as  the 
insulating  sheet  (or  dielectric),  0*03  mf.  per  mile.  The  condenser 
finds  an  important  application  in  connection  with  alternating 
currents,  and  its  action  may  be  explained  as  follows :  when  con- 
nected across  the  terminals  of  a  machine  supplying  an  alternating 
e.m.f.  the  condenser  plates  have  in  turn  a  positive  and  negative 
potential,  and  consequently  a  corresponding  positive  and  negative 
charge — that  is  to  say,  when  either  plate  changes  from  a  positive 
to  a  negative  potential,  the  charge  on  that  plate  reverses  its  sign 
also,  and  therefore  a  charge  of  electricity  pulsates  backwards 
and  forwards  in  the  circuit,  and  this  pulsating  charge  constitutes 
the  alternating  current. 

The  units  described  in  this  chapter  and  others  which  will  be 
referred  to  in  subsequent  chapters  are  those  which  are  employed 
in  practice  by  electrical  engineers.  No  effort  should  therefore  be 
spared  to  master  the  simple  relation  existing  between  the  ampere, 
volt,  ohm,  horse-power,  kilowatt,  &c.  But  it  is  advisable  to  know 
the  method  by  which  the  various  electrical  units  have  been  evolved, 
for  they  have  not  been  selected  arbitrarily,  like  the  pound,  yard, 
and  gallon,  but  are  built  up  on  the  fundamental  conceptions  of 
length,  time,  and  quantity  of  matter,  and  are  inseparably  linked 
together.  Perhaps  the  simplest  measurable  quantity  which  we 
can  conceive  is  that  of  length,  and  in  deciding  upon  a  unit  of 
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length  an  effort  was  made  to  select  some  unalterable  natural 
distance.  The  length  of  an  earth  quadrant — that  is,  the  distance 
from  the  equator  to  the  pole  along  a  meridian — was  agreed  upon, 
and  one  ten-millionth  part  of  this  taken  as  the  practical  standard 
of  length,  and  called  a  metre.  The  original  measurement  of  the 
earth-quadrant  proved  to  be  considerably  in  error,  and  con- 
sequently the  simple  relation  between  it  and  the  metre  was  upset 
But  the  metre  thus  determined  is  retained  as  the  standard  of 
length,  and  one-hundredth  part  of  this  length,  called  one  centi- 
metre, is  taken  as  the  basis  of  the  units  upon  which  the  system 
now  to  be  briefly  described  has  been  reared.  A  square  centi- 
metre is  the  area  contained  in  a  square  each  of  whose  sides 
is  one  centimetre,  and  a  cubic  centimetre  is  the  volume  con- 
tained in  a  cube  each  of  whose  edges  is  one  centimetre  in 
length. 

The  next  unit  required  is  that  of  mass,  or  quantity  of  matter, 
and  it  should  be  remembered  that  the  force  of  gravity  acts  upon 
every  body  in  exact  proportion  to  its  mass,  or  the  quantity  of 
matter  in  it,  independently  of  its  size ;  therefore,  what  we  know 
as  the  weight  of  any  substance  is  exactly  proportional  to  its  mass. 
The  unit  of  mass  is  called  the  gramme.  It  is  equal  to  the  mass 
contained  in  a  cubic  centimetre  of  pure  water  at  its  maximum 
density,  i.e.  at- a  temperature  of  40  Centigrade. 

The  third  unit,  that  of  time,  is  called  the  second.  It  is  the 
length  of  time  known  generally  by  that  name,  and  is  the  86,400th 
part  of  a  mean  solar  day ;  that  is  to  say,  there  are  86,400  seconds  in 
a  day  as  we  ordinarily  measure  time  by  the  clock. 

The  great  value  of  a  system  built  upon  such  units  as  those 
described  is  that  it  is  always  possible  to  recover  any  one  of  them, 
and  so  to  construct  or  verify  the  system,  if  necessary,  although  the 
process  is,  no  doubt,  difficult  and  tedious.  The  term  '  absolute ' 
has  been  applied  to  such  a  system,  but  it  is  not  easy  to  see  the 
precise  application  of  the  word.  It  is  usual,  and  certainly  better, 
to  refer  to  it  as  the  centimetre-gramme-second,  or,  briefly,  the 
cg.s  system. 

The  next  conception  in  order  of  simplicity  is  that  of  the  rate 
at  which  a  mass  of  matter  changes  its  relative  position,  or  the 
velocity  with  which  it  moves.     Velocity  is  estimated  by  dividing 
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the  distance  in  centimetres  through  which  a  body  moves  by 
the  time  in  seconds  taken  to  travel  that  distance.  The  unit  is 
a  velocity  of  one  centimetre  per  second  every  second. 

A  mass  of  matter  cannot,  by  any  property  belonging  to  it, 
change  its  position,  or  its  state  of  rest  or  motion  by  itself.  That 
which  is  competent  to  move,  stop,  or  vary  the  motion  of  a  mass 
of  matter  is  called  force,  and  the  greater  the  force,  and  the  longer 
the  time  during  which  it  acts,  the  greater  will  be  the  increase  or 
decrease  in  the  velocity  of  a  given  mass.  The  unit  of  force  is 
called  the  dyne  :  one  dyne  is  that  force  which,  by  acting  upon  a 
mass  of  one  gramme  during  one  second,  can  impart  to  it  an 
acceleration  of  one  centimetre  per  second  during  every  second 
that  the  force  is  maintained. 

When  the  position  of  a  body  is  changed  in  opposition  to  any 
resisting  force,  work  is  done  or  energy  expended,  the  amount  being 
estimated  by  multiplying  together  the  force  overcome  and  the 
distance  through  which  it  is  overcome.  The  unit  of  work  is  called 
the  erg,  and  it  is  that  work  which  is  done  when  a  force  of  one 
dyne  is  overcome  through  a  distance  of  one  centimetre  :  the  energy 
expended  is  in  every  case  equal  to  the  work  done ;  therefore  the 
erg  is  also  the  unit  of  energy.  We  have  seen  that  the  practical 
unit  of  work,  or  expenditure  of  energy,  is  the  joule  ;  and  one  joule 
is  equal  to  ten  million  ergs.  Consequently,  the  practical  unit  of 
power,  or  rate  of  doing  work,  called  the  watt,  is  equivalent  to  ten 
million  ergs  per  second. 

Current  strength  is  measured  by  the  quantity  of  electricity 
which  flows  past  any  point  in  a  circuit  per  second.  The  cg.s. 
unit  is  that  current  strength  which,  when  a  conductor  carrying 
this  current  forms  a  circle  of  one  centimetre  radius,  exerts  a  force 
of  2  t  dynes  upon  a  unit  magnetic  pole  placed  at  the  centre  of 
the  circle — that  is  to  say,  when  each  centimetre  of  the  circular 
path  contributes  a  force  of  one  dyne.  The  conditions  of  this 
unit  will,  however,  be  better  understood  after  studying  Chapter  IV. 
The  practical  unit  which  is  called  the  'ampere'  is  equal  to 
one-tenth  of  this  cg.s.  unit  The  value  of  the  ampere  has  also 
been  defined  by  another  method  ;  it  is  that  current  which,  when 
passed  through  a  solution  of  nitrate  of  silver,  deposits  the  silver  at 
the  rate  of  0*001 1 18  of  a  gramme  per  second. 
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The  c.G.s.  unit  quantity  of  electricity  is  that  quantity  conveyed 
by  unit  current  in  unit  time.  The  practical  unit,  the  coulomb,  is 
therefore  also  one- tenth  of  the  cg.s.  unit. 

The  unit  difference  of  potential  between  two  points  exists 
when  one  erg  of  work  has  to  be  performed  in  urging  one  unit  of 
electricity  against  that  potential  difference,  or  when  one  erg  is 
expended  by  the  flow  of  one  unit  of  electricity  from  the  one  point 
to  the  other.  The  volt  or  practical  unit  is  100,000,000  times  the 
cg.s.  unit 

Unit  resistance  exists  when  unit  difference  of  potential  causes 
a  current  of  unit  strength  to  flow  through  it  It  follows,  therefore, 
that  the  ohm  is  equal  to  1,000,000,000  cg.s.  units. 

The  units  which  chiefly  claim  our  attention  are  those  of  current, 
quantity,  potential  difference,  and  resistance.  It  is  not  possible 
to  provide  an  invariable  physical  standard  of  any  one  of  these, 
except  resistance,  which  fact  to  a  certain  extent  increases  the 
importance  attached  to  the  unit  of  resistance.  As  has  been 
pointed  out,  a  definite  physical  standard,  in  the  form  of  a  column 
of  mercury  of  certain  dimensions,  has  been  selected  to  represent 
the  ohm.  There  are  certain  other  derived  units  which  the 
student  is  scarcely  yet  in  a  position  to  appreciate,  but  which  it  is 
necessary  that  he  should  be  made  acquainted  with.  It  is  there- 
fore proposed  to  introduce  them  in  subsequent  chapters  as 
opportunities  present  themselves. 
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PRIMARY    BATTERIES 
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A  current  of  electricity  can  be  maintained  in  a  number  of  ways. 
One  of  these  is  by  means  of  primary  cells.  A  primary  cell  con- 
sists essentially  of  a  vessel  containing  a  saline  or  acidulated  solu- 
tion, in  which  are  immersed  two  solid  conducting  bodies,  one  of 
which  is  more  assailable  than  the  other  by  the  liquid.  When  two 
or  more  cells  are  joined  together  to 
increase  the  effect  the  combination  is 
known  as  a  battery. 

Primary  cells  can  be  divided  into 
two  classes,  viz.  (a)  single-fluid,  or 
those   in  which  only  one  solution   is 

used  ;  and  (p)  double-fluid,  or  those  in 

which  two  solutions  are  employed. 
The   single-fluid  cells  are  typified 

by  the  '  simple  cell,'  which  was  referred 

to  on   page  2,  and  which  consists  of 

a  glass  or  earthenware  vessel  (fig.  21) 

nearly  filled  with  water  acidulated  with 

a  small   proportion  of,  say,  sulphuric 

acid,  and  containing  a  piece  of  zinc,  Zn 

and  a  piece  of  copper,  Cu.     On  connecting  the  plates  externally 

by  a  piece  of  wire,  and  thereby  allowing  the  current  to  flow,  the 

surface  of  the  zinc  is  attacked  by  the  solution,  and  sulphate  of  zinc 

is  formed,  hydrogen  gas  being  liberated  in  the  liquid  at  the  surface 

of  the  copper  plate. 

This  reaction  may  be  represented  by  an  equation,  thus: — 

Zn     +     SO4H3     =     S04Zn     +     H2 

Zinc         Sulphuric  acid.       Sulphate  of  anc.       Hydrogen. 
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No  chemical  effect  whatever  is  produced  on  the  surface  of  the 
copper  plate,  and  this  state  of  affairs — that  is  to  say,  the  oxidation 
of  one  plate  and  the  absence  of  any  action  upon  the  other  plate — is 
characteristic  of  all  primary  cells.  The  plate  which  is  more  or  less 
dissolved  is  called  the  positive  plate,  the  other  being  called  the 
negative  plate. 

As  the  hydrogen  deposited  on  the  negative  plate  does  not 
enter  directly  into  chemical  union  with  copper,  or  indeed  with 
any  other  of  the  simple  metals,  it  in  this  case  remains  in  the 
gaseous  state.  The  resultant  changes  present  the  appearance  of 
only  the  acid  portion  of  the  solution  being  affected,  while  the 
water  remains  constant  and  unchanged.  The  water  is,  however, 
essential,  and  the  probable  explanation  is  that  in  the  chemical 
changes  it  gains  from  the  acid  the  exact  counterpart  of  what  it 
gives  to  the  zinc.  The  hydrogen  is  released  in  a  definite  ratio  to 
the  amount  of  zinc  dissolved.  In  fact,  we  may  take  it  as  an 
established  law  that  the  ratio  between  the  weight  of  zinc  dissolved 
and  that  of  the  hydrogen,  &c,  released  by  the  passage  of  the 
current  is  invariable,  and  that  this  ratio  is  dependent  upon  the 
respective  '  electro-chemical  equivalents.' 

We  see  by  the  above  equation  that  for  every  atom  or  equi- 
valent of  zinc  dissolved  or  converted  into  sulphate  of  zinc  two 
atoms  of  hydrogen  are  liberated.  An  atom  may  be  defined  as  the 
smallest  possible  quantity  of  any  simple  substance  capable  of 
entering  into  or  passing  out  of  chemical  combination ;  and  it  will 
be  seen  on  referring  to  the  table  (on  the  next  page)  of  atomic 
weights  (or  of  the  relative  weights  of  individual  atoms)  of  some 
of  the  more  important  substances,  that  an  atom  of  hydrogen 
weighs  less  than  one  of  any  other  substance. 

It  will  also  be  observed  that  an  atom  of  zinc  weighs  sixty-five 
times  as  much  as  an  atom  of  hydrogen.  The  meaning  of  the 
equation,  therefore,  is  that  for  every  sixty-five  parts  by  weight  of 
zinc  dissolved  two  parts  by  weight  of  hydrogen  are  liberated : 
consequently,  if  we  again  regard  the  relative  deposition  of  hydro- 
gen as  the  standard,  the  weight  of  zinc  dissolved  will  be  32*5 
times  as  much,  or,  in  other  words,  the  chemical  equivalent  of 
hydrogen  being  unity,  that  of  zinc  is  32 '5.  The  chemical  equi- 
valents of  the  other  elementary  bodies  enumerated  in  the  table 
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Table  of  Atomic  Weights  and  Equivalents 


Symbol 

and 
Valency 

Electro-chemical 

Elements 

Atomic 
Weight 

Chemical 
Equivalent 

eauivalent 

(Milligrammes 

per  Coulomb) 

Electro-positive 

\   Hydrogen  . 

W 

i* 

i* 

•010384 

Potassium  . 

Kl 

39*04 

3904 

•40539 

Sodium 

Na* 

22  "99 

22*99 

23873 

1  Aluminium 

Al* 

27  3 

9-1 

09449 

;  Magnesium 

Mg» 

23  94 

11-97 

12430 

\  Gold  .... 

Aus 

196-2 

654 

•67911 

1  Silver. 

Ag* 

107*66 

107-66 

1 'i  1800 

Copper  (Cupric) 

(Cuprous)      . 

Cu* 

63" 

3i*5 

•32709 

Cui 

63- 

63- 

•65419 

1   Mercury  (Mercuric)    . 

Hg* 

1998 

99*9 

103740 

, ,       (Mercurous). 

Hg» 

1998 

1998 

2  -O747O 

j  Tin  (Stannic) 
,,    (Stannous)  . 

Sn* 

117-8 

2945 

'3058I 

Sn» 

117-8 

58'9 

•6l  l62 

Iron  (Ferric) 
,,    (Ferrous)    . 

Fe» 

55  9 

1864 

I9356 

Fe» 

55*9 

27  95 

■29035 

Nickel 

Ni» 

58-6 

29  3 

•30425 

Zinc    .... 

Zn» 

65" 

32'5 

33696 

Lead  .... 

Pb» 

206-4 

193-2 

I -O7160 

•    Electro-negative 

Oxygen 

o» 

1596 

798 

•08286 

Chlorine 

CU 

35*37 

35  37 

36728 

Iodine 

Ii 

12653 

12653 

I  3139O 

Bromine 

Br1 

7975 

7975 

'82812 

Nitrogen    . 

t 

Ns 

14-01 

467 

'04849 

have  been  calculated  in  a  similar  way.  The  'electro-chemical 
equivalents '  are  obtained  by  multiplying  together  the  weight  of  the 
hydrogen  liberated  by  one  coulomb  of  electricity  and  the  chemical 
equivalent  of  each  of  the  other  elementary  bodies. 

The  liberated  hydrogen,  in  consequence  of  its  low  specific 
gravity,  exhibits  a  tendency  to  rise  through  the  water  and  escape 
into  the  air.  Only  a  portion,  however,  of  the  gas  escapes  in 
this  way,  a  large  proportion  adhering  to  the  copper  plate  and 
forming,  as  it  were,  a  gaseous  film  over  the  metallic  surface. 
This  accumulation,  due  to  a  variety  of  causes,  is  facilitated  by  the 
opposite  electrical  conditions  of  the  copper  and  hydrogen,  which 
cause  a  mutual  attraction  to  set  it.  There  is  a  double  effect  of 
the  accumulation  which  soon  becomes  apparent,  for  a  gradual 
diminution  in  the  current  sets  in,  consequent  first  on  the  decrease 
in  the  copper  surface  exposed  to  the  liquid  (which  involves  a 
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proportional  increase  in  the  internal  resistance  of  the  cell),  and, 
secondly,  on  the  tendency  on  the  part  of  the  positively  electrified 
hydrogen  film  to  set  up  a  contrary  current  through  the  cell. 
When  this  condition  is  arrived  at  the  cell  is  said  to  be  polarised 
— that  is  to  say,  the  two  surfaces,  zinc  and  hydrogen,  are  brought 
to  nearly  the  same  potential,  and  as  a  consequence  the  current 
strength  is  correspondingly  reduced.  The  effect  of  the  passage 
of  a  current  being,  therefore,  a  reduction  of  the  effective  electro- 
motive force  of  the  cell,  such  a  combination  is  unsatisfactory  for 
purposes  requiring  a  continuous  and  uniform  current — that  is  to 
say,  a  current  of '  constant '  strength. 

To  overcome  this  objection  Smee  constructed  a  cell  the 
peculiarity  of  which  consisted  in  the  nature  of  the  surface  of  the 
negative  plate.  It  had  been  ascertained  that  a  smooth  surface 
allows  a  much  more  rapid  accumulation  of  hydrogen  than  does 
a  roughened  surface.  Accordingly,  he  used  for  his  negative  plate 
a  thin  sheet  of  silver  covered  with  a  platinum  deposit  in  a  state  of 
very  fine  division,  so  that  an  irregular  surface  was  produced,  by 
means  of  which  the  hydrogen  particles  rose  through  the  liquid  more 
nearly  in  proportion  to  the  rate  of  production.  So  treated  the 
plate  is  known  as  platinised  silver.  Zinc  was  employed  for  the 
positive  plate,  the  solution  being  i  of  acid  to  10  of  water.  The 
cell  has  a  higher  electro-motive  force  because  of  the  substitution 
for  copper  of  a  more  electro-negative  plate.  When  the  cell  is 
made  of  abnormally  large  proportions,  it  approximates  even  more 
nearly  to  the  condition  of  a  constant  cell,  and  is  used  as  such  by 
many  electroplaters. 

A  more  important  cell  is  the  Leclanche  (fig.  22),  in  which 
a  zinc  rod,  z,  is  used  as  the  positive  plate,  while  the  negative  plate 
c  takes  the  form  of  a  slab  or  narrow  plate  of  prepared  carbon, 
This  prepared  carbon  is  made  by  subjecting  to  considerable 
pressure,  at  a  high  temperature,  a  mixture  of  powdered  carbon 
and  some  treacly  substance,  which  is  employed  for  cementing 
the  carbon  particles.  The  carbon  plate  is  placed  inside  a  vessel 
of  porous  (unglazed)  earthenware,  which  is  then  filled  with  a 
mixture  of  crushed,  but  not  powdered,  carbon  and  black  oxide 
of  manganese.  The  latter  should  be  granular,  of  about  the  size 
of  peas,   care  being  taken  to  exclude  powder  or  dust    The 
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outer  vessel,  G,  is  generally  of  glass,  which  enables  the  condition 
of  the  cell  to  be  observed  without  removing  any  of  the  parts,  and 
which  affords  facilities  for  obtaining  a  high  insulation.  The 
liquid  consists  of  a  saturated  solution  of  sal-ammoniac,  or 
chloride  of  ammonium,  the  porosity  of  the  inner  jar  allowing 
the  solution  to  diffuse  itself  some- 
what freely,  and  so  to  moisten 
the  mixture  of  carbon  and  black 
oxide. 

When  the  cell  is  in  action  the 
zinc  combines  with  the  chlorine 
of  the  sal-ammoniac,  forming  zinc 
chloride,  simultaneously  releasing 
hydrogen  and  ammonia,  the  latter 
dissolving  in  the  water  until  a 
saturated  solution  is  obtained — 
that  is  to  say,  until  the  solution 
holds  as  much  as  it  can  support 
— after  which  it  escapes  as  a  gas. 
It  may,  however,  be  remarked 
that  water  is  not  saturated  with 
ammonia  until  it  has  absorbed 
737  times  its  volume  of  the  gas 
at  a  temperature  of  i5°-s  C.  or 
6o°  F.  The  hydrogen  so  far 
remains  free.  It  is,  however,  ultimately  released  inside  the  inner 
vessel,  and  there  it  deprives  the  manganic  oxide  of  some  of  its 
oxygen,  forming  water  and  sesqui-oxide  of  manganese. 

The  entire  action  may  be  represented  by  an  equation  thus  : — 
2d  +  aNH,Cl  +  2MnOs  =  ZnCl,  +  aNH5  +  OH,  +  Mns03 

Zinc  S*l-  Mr.ncr.nic  Zinc  Ammonia  Water  Sesqui- 


There  is  frequently,  however,  a  subsequent  or  secondary 
reaction  between  the  zinc  chloride  and  the  other  constituents  of 
the  solution,  resulting  in  the  formation  of  what  are  called  double 
salts,  which  tend  to  reduce  the  efficient  working  of  the  cell. 

It  will  be  seen,  from  a  study  of  the  equation,  that  the  working  of 
the  battery  results  in  the  gradual  absorption  of  the  zinc  and  the 
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decomposition  of  the  sal-ammoniac,  &c.,  which  accordingly  require 
replenishing  at  times.  A  whitish-yellow  turbidity  in  the  solution 
indicates  the  presence  of  an  excessive  amount  of  zinc  chloride  in 
proportion  to  the  amount  of  sal-ammoniac,  which  latter  should 
then  be  increased ;  but  it  is  preferable  to  remove  a  portion  of 
the  solution  and  then  fill  up  with  water  before  adding  the  sal- 
ammoniac. 

Considerable  care  is  taken  in  the  construction  of  this  cell.  As 
both  sal-ammoniac  and  ammonia  are  corrosive  and  attack  copper, 
brass,  &c,  all  the  exposed  metallic  surfaces  should  be  well  served 
with  pitch,  paraffin  wax,  or  some  other  non-corrosive  and  im- 
pervious material. 

It  is  the  general  practice  to  drill  two  small  holes  through  the 
upper  extremity  of  the  carbon,  and,  after  raising  the  end  to  a 
high  temperature,  to  dip  it  into  melted  paraffin  wax  It  is 
subsequently  placed  in  a  mould  into  which  molten  lead  is  run, 
a  terminal  or  binding-screw  being  at  the  same  time  cast  into 
the  leaden  cap  thus  formed.  The  function  of  the  wax  is  to  close 
the  pores  in  the  upper  portion  of  the  carbon,  and  so  to  prevent 
the  ammoniacal  solution  from  creeping  up  to  the  leaden  cap.  Lead 
is  interposed  between  the  carbon  and  the  brass  terminal  because 
it  is  the  least  assailable  of  the  ordinary  metals.  Pitch  is  run  over 
the  carbon-manganese  mixture  to  keep  the  mixture  and  the 
carbon  rod  in  position,  holes  being  made  in  it,  however,  to 
permit  any  hydrogen  or  other  gases  that  may  be  formed  to  escape, 
or  any  air  that  might  be  in  the  pot  to  be  expelled  when  the  pot  is 
placed  in  the  solution.  The  upper  parts  of  the  porous  pot,  and 
the  zinc  rod  and  the  connections,  are  likewise  coated  with  pitch. 

The  electro-motive  force  of  this  cell  is  about  i  "5  volt,  or  nearly 
twice  that  of  the  simple  cell,  while  owing  to  the  large  surface  ex- 
posed, more  particularly  at  the  negative  plate,  the  internal  resist- 
ance is  also  low.  The  chief  objection  to  the  cell  as  ordinarily 
made  is  the  rapidity  with  which  it  polarises  and  so  becomes 
temporarily  useless,  owing  probably  to  the  fact  that  hydrogen  is 
liberated  faster  than  the  manganic  oxide  can  be  decomposed. 
That  this  is  the  case  is  in  a  measure  demonstrated  by  the  fact  that 
if  the  cell  is  allowed  to  stand  idle  for  a  brief  interval  of  time  it  will 
again  yield  its  full  current.    The  defect,  although  very  marked 
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when  the  resistance  of  the  circuit  is  low,  is  reduced  to  a  minimum 
when  the  resistance  is  high,  because  the  current  is  then  feeble 
and  the  chemical  reactions  proportionately  less.  A  nearer 
approach  to  a  constant  current  can,  however,  be  maintained  on  a 
comparatively  low  resistance  circuit  by  substituting  a  zinc  cylinder 
for  the  rod  and  enlarging  the  carbon  plate. 

The  constituents  of  the  cell  remain  inactive  when  the  cell  is  idle ; 
and  this  is  a  point  of  very  considerable  importance,  for  it  means 
that  there  is  no  wasteful  action  in  the  cell,  such  as  there  is  in 
practically  every  other  type  of  cell — at  least,  in  every  cell  in 
which  an  acid  plays  a  part.  Cleanliness  is  necessary  in  dealing 
with  the  Leclanche,  or,  indeed,  any  other  form  of  cell,  and  it 
is  essential  that  the  containing  vessel,  whether  of  glass  or  earthen- 
ware, should  be  kept  dry  externally.  The  latter  desideratum  is 
usually  accomplished  by  coating  the  upper  portion  of  the  outer 
surface  of  the  vessel  with  pitch  or  some  other  such  substance 
as  will  not  readily  permit  the  liquid  to  *  creep '  over  its  surface, 
for  the  salt  (sal-ammoniac)  has  a  strong  tendency  to  crystallise 
out.  Should  the  solution  be  allowed  to  creep,  we  have  to  contend 
not  only  with  the  waste  of  salt  so  occasioned,  but  also  with  the 
'leakage'  of  current  that  would  take  place  over  the  moistened 
external  surface. 

There  is  a  modification  of  the  Leclanche  which  is  of  some 
importance,  and  which  is  known  as  the  '  agglomerate '  Leclanche. 
The  negative  element  consists  of  a  carbon  plate  or  block,  having 
in  contact  with  it  blocks  of  agglomerated  carbon  and  manganese. 
The  latter  are  prepared  by  intimately  mixing  40  parts  of  manganic 
oxide,  55  parts  of  gas  carbon,  and  5  parts  of  gum  lac  resin,  and 
submitting  the  mixture,  placed  in  a  steel  mould,  to  a  tempera- 
ture of  ioo°  C,  applying  at  the  same  time  considerable  hydraulic 
pressure.  The  result  is  a  solid  compact  mass,  and,  as  the  chief 
function  of  the  porous  pot  in  the  older  type  is  to  support  the 
mixture  of  crushed  carbon  and  manganic  oxide,  it  is  apparent  that 
that  vessel,  which  materially  increases  the  internal  resistance  of 
the  cell,  can  be  dispensed  with.  Indiarubber  bands  placed  round 
the  agglomerated  blocks  (which  in  their  turn  embrace  the  carbon 
block)  keep  the  whole  of  the  compound  negative  element 
together. 
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In  the  earlier  forms  of  agglomerate  cell  rectangular  blocks  ot 
agglomerated  manganic  oxide  and  carbon  were  held  against  the 
two  faces  of  a  flat  plate  or  block  of  carbon,  and  the  indiambber 
bands  holding  the  three  blocks  together  were  specially  made  so 
as  to  hold  also  the  zinc  rod,  which  was  of  the  usual  type.  But  a 
much  better  form  is  that  known  as  the  6-block  agglomerate  cell 
(fig.  23),  which  is  very  extensively  used.  The  negative  element 
consists  of  a  block  of  carbon  with  six  fluted  sides,  capped  with  lead 
and  fitted  with  a  terminal  after  the  top  of  it  has  been  steeped  in 
hot  paraffin  wax.  In  each  of  the 
sides  is  laid  a  round  stick  of 
the  agglomerated  carbon  and 
manganic  oxide,  the  whole  being 
wrapped  round  with  a  piece  of 
coarse  canvas,  and  held  in  posi- 
tion by  a  couple  of  stout  irwiia-  ■ 
rubber  bands.  It  is  essential 
that  the  agglomerate  rods  should 
closely  fit  into  the  flutes  through- 
out, in  order  to  secure  a  low 
and  uniform  internal  resistance. 
The  canvas  does  not,  of  course, 
prevent  intimate  contact  between 
the  rods  and  the  solution,  nor 
does  it  appreciably  increase  the 
I  internal  resistance  of  the  cell,  its 
f  function  being  simply  to  prevent 
pieces  of  the  agglomerate  rods 
falling  out  and  '  short-circuiting  ' 
the  cell,  by  joining  the  positive  and  negative  elements  together. 
Instead  of  employing  a  zinc  rod  for  the  positive  element,  a  large 
piece  of  sheet  zinc  (about  £  inch  thick)  is  rolled  into  a  cylinder, 
the  approaching  edges  being,  however,  kept  a  quarter  of  an  inch 
or  so  apart  to  allow  the  free  circulation  of  the  solution.  In 
consequence  of  the  very  large  increase  in  the  amount  of  the 
surfaces  thus  exposed  to  the  liquid,  the  internal  resistance  is  very 
considerably  reduced,  polarisation  being  also  to  a  very  great  extent 
prevented  or  impeded.     Much  larger  and  more  prolonged  currents 
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can,  therefore,   be  taken  from  this  than  from  the  older  type 
of  celL 

The  electro-motive  force  of  any  one  of  the  many  forms  of 
Leclanche*  cell  may  be  taken  as  being  approximately  1*5  volt, 
while  the  internal  resistance  may  range  from  0*25  to  3  or  4  ohms, 
according  to  the  size  of  the  elements  and  the  construction  of 
the  celL 

The  '  Standard '  cell  (fig.  24),  invented  by  Mr.  Latimer-Clark, 
is  an  important  one.    It  is  designed  solely  as  a  standard  of 
electro-motive  force,  and    is  largely  employed  for  purposes  of 
measurement.     It  may  be  made  in  a  small  glass  vessel,  such  as  a 
short  wide  test-tube,  a  layer  of  pure  distilled  mercury,  m,  being 
employed  as  a  negative  plate,  which  covers  the  bottom  of  the 
glass  vessel  to  a  depth  of  half  an  inch  or  so. 
Over  this  is  placed  the  'liquid '  or  electrolyte, 
which  consists  of  a  thick  paste,  b,  made  by 
mixing  mercurous  sulphate  with  a  saturated 
solution  of  zinc  sulphate.     The  positive  ele- 
ment is  a  rod  of  pure  distilled  zinc,  z,  which 
dips  into  the  paste.     It  is  usual  to  seal  the 
battery  by  means  of  a  cork  and  marine  glue 
or  by  cement     Connection  is  made  with  the 
zinc  by  means  of  a  copper  wire,  c,  soldered 
to  the   upper  end  of  the  zinc  rod,  which 
passes  through  the  stopper  s.    A  platinum 
wire,  p,  fused  into  the  bottom  of  the  vessel, 
makes   contact    with    the   mercury,   or  the 
platinum  wire  may  be  passed  through  a  glass 
tube  placed  inside  the  glass  containing-vessel 
and  closed  at  its  lower  end,  the  projecting  end  of  the  wire  being 
below  the  surface  of  the  mercury.     The  cell  is  then  in  a  more 
convenient  form  for  immersing  in  water  with  a  thermometer  in 
order  to  ascertain  its  actual  temperature. 

It  is  highly  essential  that  the  constituents  of  the  cell  should 
be  absolutely  pure ;  hence  the  necessity  for  re-distilling  the  zinc 
and  mercury.  The  mercurous  sulphate  can  be  made  by  dissolv- 
wg  pure  mercury,  placed  in  excess,  in  hot  pure  sulphuric  acid. 
The  sulphate  is  an  insoluble  white  powder,  and  should  be  well 
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washed  with  distilled  water  before  it  is  mixed  with  the  zinc  sul- 
phate,  to  remove  any  trace  of  the  mercuric  sulphate  or  of  free  acid. 
The  mercuric  contains  a  smaller  proportion  of  mercury  than  the 
mercurous  sulphate,  and  on  the  addition  of  water  imparts  to  it  a 
yellowish  tinge. 

The  chemical  action  which  takes  place  during  the  passage  of 
a  current  is  to  decompose  the  mercurous  sulphate,  adding  the 
mercury  released  to  that  already  in  the  vessel,  an  equivalent  of 
zinc  being  simultaneously  dissolved  off  the  positive  rod,  thus 
increasing  the  amount  of  sulphate  of  zinc  in  the  paste. 

The  electro-motive  force  of  this  cell  is  1434  volt,  and  is 
exceedingly  uniform,  provided  that  the  cell  is  never  allowed 
to  send  a  current  of  any  appreciable  strength.  Should  the  resist- 
ance of  the  circuit  be  low,  the  current  becomes  proportionally 
strong,  and  the  mercury  salt  is  not  then  capable  of  being  decom- 
posed at  a  corresponding  rate,  whence  polarisation  sets  in  and 
the  electro-motive  force  falls  in  consequence.  Under  the  most 
favourable  conditions,  a  cell  which  has  in  this  way  been  lowered 
in  its  electro-motive  force  takes  a  considerable  time  to  recover, 
and  frequently  the  injury  is  permanent — that  is  to  say,  the  cell 
becomes  practically  useless.  The  electro-motive  force  decreases 
with  an  increase  of  temperature,  the  rate  being  about  0*08  per 
cent,  per  degree  Centigrade. 

The  commercial  form  of  Clark  cell  constructed  after  the  plan 
of  Dr.  Muirhead  is  illustrated  in  fig.  25.     Instead  of  using  a  layer 
fig.  25  of  mercury,  the  platinum  electrode  a,  fused  through 

the  glass  containing- vessel,  is  made  of  a  long  piece 
of  wire  which  is  coiled  into  a  close  flat  spiral  and 
coated  with  mercury,  either  by  heating  and  then 
immersing  it  in  a  mercury  bath,  or  by  heating  the 
mercury  and  the  platinum  together.  '  The  spiral  is 
then  embedded  in  the  paste,  composed  of  pure 
mercurous  sulphate  and  a  saturated  solution  of 
pure  zinc  sulphate,  /.  The  pure  zinc  rod,  Zn  is 
dipped  into  the  paste,  and  a  cement  stopper,  c, 
holds  the  whole  firmly  together,  so  that  the  cell  is  made  more 
portable  than  that  shown  in  fig.  24,  which  has  the  disadvantage 
that  the  constituents  of  the  cell  are  liable  to  become  mixed  if  it  is 
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not  used  very  carefully.  The  mercury  deposited  on  the  platinum 
spiral  is  sufficient  to  form  and  maintain  the  negative  element  or 
'  plate,'  a  considerable  layer  of  mercury  not  being  really  essential. 
It  is  evident  that  the  internal  resistance  of  such  a  cell  is  very 
high  ;  but  this  is  not  a  disadvantage,  the  cell  being  used  only  as  a 
standard  of  electro- motive  force. 

Fig.  26  shows  the  method  employed  for  casing  in.  A  cylin- 
drical brass  case  with  an  ebonite  cover  is  used,  and  contains  two 
cells  which  can  be  balanced  one  against  the  other  to  test  their 
relative  electro-motive  force,  or  Bwrm  ^ 

they  can  be  used  together  and 
give  a  double  electro- motive 
force.  A  thermometer  is  like- 
wise provided,  the  bulb  being 
inside  and  the  tube  bent  so  as  to 
lie  over  the  scale  on  the  cover. 
This  is  an  important  though 
simple  innovation,  and  assists  in 
the  avoidance  of  an  error  due 
to  a  varying  temperature.  To 
avoid  any  error  due  to  polarisa- 
tion it  is  better  to  employ  the  cell 
only  for  the  purpose  of  making 
an  effort  to  send  a  current  and 
noting  the  maximum  potential 
difference  it  can  produce,  which 
will, -of  course,  be  equal  to  the 
electro- motive  force  of  the  cell.  For  example,  it  may  be  used  to 
charge  a  standard  condenser,  or  in  conjunction  with  the  '  poten- 
tiometer' described  in  Chapter  VI. 

In  recent  years  another  form  of  standard  cell  has  been  intro- 
duced and  is  very  extensively  employed,  chiefly  because  of  its 
practically  uniform  B.H.F.  at  all  ordinary  temperatures,  and  of 
the  fact  that  it  is  not  so  liable  to  injury  as  a  consequence  of  its 
being  allowed  to  send  an  unusually  strong  current.  It  is  known 
as  the  Weston  Cadmium  cell  and  has  mercury  for  its  positive,  pi  ate 
or  electrode,  and  an  amalgam  of  cadmium — that  is  to  say,  a  mixture 
made  by  dissolving  iijj  parts  by  weight  of  cadmium  in  87$  parts 
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of  mercury,  for  its  negative  electrode.  The  solution  or  electrolyte 
consists  of  a  saturated  solution  of  cadmium  sulphate,  with  a  reserve 
of  solid  cadmium  sulphate  within  the  cell.  A  paste  consisting  of 
solid  mercurous  sulphate,  mercury,  and  cadmium  sulphate  rests 
on  the  positive  electrode.  All  the  constituents  must  of  course  be 
chemically  pure,  and  special  precautions  are  taken  to  ensure  this 
as  in  the  case  of  the  Clark  cell. 

The  only  other  form  of  single-fluid  battery  which  we  need 
notice  is  that  in  which  a  solution  of  bichromate  of  potash  is 
employed. 

The  solution  consists  of  i  part  by  weight  of  bichromate  of 
potash,  2  parts  of  good  sulphuric  acid  (of  i'8  specific  gravity), 
and  12  parts  of  clean  water.  The  bichromate  of  potash  is  first 
pulverised  and  then  added  slowly  to  the  acid,  stirring  all  the  time. 
This  converts  the  bichromate  of  potash  into  chromic  anhydride 
and  potassic  sulphate,  which  precipitates  in  a  crystalline  forma- 
tion, the  chemical  reactions  being  indicated  by  the  equation : 

K,Cra07  +  7S04H2  =  2Cr03  +  K4S04  +  OH,  +  6S04H, 

Bichromate       Sulphuric  acid.        Chromic  Potassic  Water.      Sulphuric  acid, 

of  potash.  anhydride.         sulphate. 

Water  is  then  added  slowly,  when  the  crystals  are  dissolved 
and  the  chromic  anhydride  converted  into  chromic  hydrate  or 
acid  (H2Cr04)  by  the  absorption  of  water,  a  quantity  of  the  water 
being  taken  up,  with  the  evolution  of  a  considerable  amount  of 
heat  The  energy  with  which  sulphuric  acid  unites  with  the 
water  is  very  great,  and  it  is  this  fact  that  necessitates  the  slow 
addition  of  the  latter.  If  poured  on  too  rapidly  there  is  consider- 
able danger  of  the  mixture  being  ejected  from  the  vessel  and 
scattered  about,  and  as  the  acid  is  exceedingly  corrosive,  it  is 
impossible  to  take  too  much  precaution  when  adding  the  water.  In 
ordinary  cases  where  the  acid  and  water  are  to  be  mixed,  it  is 
by  far  the  safer  plan  to  add  the  acid  to  the  water,  as  the  former 
will  then  find  plenty  of  the  latter  to  satisfy  its  almost  insatiable 
thirst 

When  the  solution  of  the  crystals  is  completed,  and  when  the 
liquid  has  cooled  down  to  the  ordinary  temperature,  it  is  ready 
for  use.  On  completing  the  circuit  and  allowing  the  current  to 
flow,  the  zinc  is  dissolved,  forming  zinc  sulphate,  and  the  chromic 


chap,  m  Double-Liquid  Cells  67 

acid  is  converted  into  chromic  sulphate,  water  being  liberated 
The  reaction  may  be  expressed  by  the  equation  : 

3Zn  +  6H8S04  +  2H8Cr04  =  3ZnS04  +  80H2  +  Cr23(S04) 

Zinc.        Sulphuric  acid.      Chromic  acid.       Zinc  sulphate.       Water.      Chromic  sulphate. 

This  cell  has  an  electro-motive  force  of  about  2  volts,  while 
its  resistance  is  very  low.  It  can  yield,  therefore,  a  considerable 
current,  which  does  not,  however,  last  long,  rarely  more  than  an 
hour  or  so,  the  cell  then  becoming  polarised.  On  the  other  hand, 
when  only  used  occasionally,  the  same  solution  will  last  for  a  long 
time.  As  there  is  a  tendency,  by  secondary  chemical  reactions 
taking  place  between  the  various  constituents  of  the  cell,  to  form 
hard  crystals  of  a  double  salt  (known  as  chrome  alum),  which  at 
times  cause  a  fracture  of  the  jar,  it  is  advisable  to  avoid  square  or 
flat  vessels  for  this  cell.  As  we  shall  presently  see,  a  modification 
is  extensively  used  on  account  of  its  high  electro-motive  force, 
its  low  internal  resistance,  and  its  approximation  to  constancy. 

We  come  now  to  consider  the  double-liquid  cells,  the  great 
aim  of  which  is  to  obtain  constancy,  even  if  at  the  cost  of  a  higher 
internal  resistance.  The  chief  obstacle  to  constancy,  we  have 
seen,  is  the  accumulation  of  hydrogen  on  the  negative  surface  and 
the  consequent  polarisation  of  the  cell.  Daniell  overcame  this 
by  using  a  metallic  salt  in  the  neighbourhood  of  the  negative 
plate,  separated  from  the  zinc  solution  by  means  of  a  porous 
division.  The  liquid  in  the  copper  division  contains  a  large 
quantity  of  the  same  metal  as  that  of  which  the  plate  itself  is 
constructed,  and  it  is  due  in  a  great  measure  to  this  fact  that  the 
Daniell  cell  is  very  constant.  The  cell  is  put  together  in  a  great 
variety  of  shapes  and  patterns,  varying  with  the  purpose  to  which 
it  is  intended  to  be  applied.  It  consists  essentially  of  an  outer 
porcelain  or  other  non-porous  vessel,  containing  the  zinc.  Inside 
this  is  placed  an  unglazed  earthenware  vessel,  which  contains  a 
piece  of  thin  sheet  copper.  The  porous  vessel  is  nearly  filled  with 
crystals  of  copper  sulphate  (known  more  generally  as  bluestone), 
and  water  is  poured  on  till  the  copper  plate  is  nearly  covered. 

If  the  cell  is  not  required  for  immediate  use,  water  only  is 
placed  in  the  outer  division  with  the  zinc  plate.  The  copper 
sulphate  crystals  readily  dissolve,  and  in  the  course  of  a  day  or  so 
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a  small  quantity  of  the  solution  will  have  passed  through  the 
porous  partition  into  the  zinc  division.  The  sulphate  at  once 
enters  into  action  with  the  zinc  plate  and  forms  sulphate  of  zinc, 
which  enters  into  the  solution.  This  action  is  represented  by  the 
equation : 

Zn  +  S04Cu  =  ZnS04  +  Cu 

Zinc.  Copper  Zinc         Copper, 

sulpnate.         sulphate. 

The  copper  thus  liberated  is  deposited  in  a  loose  or  spongy 
form  either  upon  the  zinc  plate  or  at  the  bottom  of  the  celL 
Obviously  this  is  a  disadvantage. 

On  joining  up,  the  zinc  sulphate  attacks  the  metallic  zinc, 
fresh  particles  or  molecules  of  the  salt  are  formed,  and  metallic 
zinc  is  liberated.  The  liberated  zinc  decomposes  the  copper 
sulphate,  forming  more  zinc  sulphate  and  liberating  the  copper. 
Eventually,  copper  is  deposited  on  the  copper  plate,  the  reactions 
being  set  forth  in  the  equation : 


Zn 

+ 

S04Zn 

+ 

S04Cu    = 

2ZnS04 

+     Cu 

Zinc. 

Zinc 
sulphate. 

Copper 
sulphate. 

Zinc 
sulphate. 

Copper. 

A  little  study  will  reveal  to  the  student  something  of  the  great- 
ness of  the  advance  thus  made.  In  the  first  place,  we  find  that 
instead  of  the  deposition  of  a  hydrogen  film  on  the  copper  plate, 
copper,  purer  than  can  be  obtained  by  any  other  simple  process, 
is  deposited.  We  see  also  that  for  every  atom  of  zinc  dissolved 
one  atom  of  copper  is  deposited,  and  for  every  molecule  of 
copper  sulphate  decomposed  one  molecule  of  zinc  sulphate  is 
formed.  Theoretically,  then,  the  gross  quantity  of  zinc  sulphate 
should  be  continuously  increasing,  while  the  copper  sulphate 
should  diminish  in  precisely  the  same  ratio — that  is,  one  molecule 
or  equivalent  of  zinc  sulphate  should  be  formed  for  every  molecule 
or  equivalent  of  copper  sulphate  that  is  decomposed.  Further, 
for  every  sixty-five  parts  by  weight  of  zinc  dissolved  sixty-three 
parts  by  weight  of  copper  should  be  deposited 

The  chemical  changes,  however,  which  are  brought  about  in 
the  Daniell  by  the  propagation  of  the  current  constitute  only  a 
portion,  and  that  a  by  no  means  large  one,  of  the  total  amount 
of  chemical  change  that  ensues  on  fitting  up  the  cell     The 
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porosity  of  the  unglazed  earthenware  partition,  while  it  allows  the 
two  solutions  to  come  into  contact,  also  permits  of  their  continual 
diffusion  or  mixing,  more  particularly  when  the  cell  is  at  rest. 
The  immediate  consequence  of  this  is,  that  the  copper  sulphate 
solution  which  passes  through  into  the  zinc  division  has  its  copper 
displaced  by  zinc,  thereby  converting  the  copper  sulphate  into 
zinc  sulphate.  Beyond  a  certain  point  all  this  means  so  much 
waste.  The  deposit  on  the  zinc  plate,  if  allowed  to  continue, 
converts  the  cell,  in  a  great  measure,  into  one  with  two  copper 
surfaces,  whence  the  electro-motive  force  falls. 

When  the  battery  is  intended  only  for  occasional  use,  or  when 
the  external  circuit  is  of  relatively  high  resistance,  it  is  advisable  to 
use  somewhat  dense  porous 
partitions,  whereby  the  dif- 
fusion of  the  solutions  is 
hindered  The  use  of 
denser  porous  partitions 
implies,  of  course,  a  pro- 
portional increase  in  the 
internal  resistance  of  the 
cell.  Generally  speaking, 
it  is  not  advisable  to  employ 
the  Daniell  for  occasional 
work  on  account  of  the  loss 
due  to  the  interchange  of 
the  solutions  and  the  waste-  »— ^g- 
ful  consumption  of  the  zinc  f/_ 
and  sulphate  of  copper. 

If  the  cell  is  required  for  immediate  use,  the  zinc  division 
should  be  rilled  with  a  weak  solution  of  zinc  sulphate,  instead  of 
with  water  only,  and  the  copper  division  with  a  saturated  solution 
of  copper  sulphate.  Action  then  commences  at  once,  with  the 
maximum  electro-motive  force  and  without  any  risk  of  polarisation. 

The  circular  form  of  battery  is  extravagant  in  the  matter  of 
shelf  or  floor  space,  while  the  Sat  type,  which  has  practically 
superseded  the  circular  ones,  is  essentially  compact,  and  is  for 
that  reason  to  be  preferred.  Fig.  27  is  a  section  of  one  of  the 
flat  single-cell  porcelain  vessels.    There  is  a  little  ridge  along  the 
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bottom  of  the  cell  to  keep  the  flat  porous  vessel  in  position.  This 
porous  vessel  containing  the  copper  plate  is  filled  up  with  copper 
sulphate  crystals,  the  zinc  plate,  which  should  not  be  less  than 
\  inch  thick,  being  suspended  in  the  zinc  sulphate  solution.  For 
reasons  of  economy,  Daniell  cells  are  frequently  made  up  in  teak 
troughs  or  boxes,  each  trough  containing  a  number  of  cells,  say 
5  or  10,  slate  partitions  being  used  to  divide  the  trough  into  the 
desired  number  of  cells.  The  inside  of  the  teak  and  the  slate 
partitions  are  then  coated  with  marine  glue  to  render  them  water- 
tight. It  will  be  noticed  that  the  copper  plate  is  attached  to  the 
zinc  of  the  next  adjacent  cell.  It  is  usual  in  practice  to  rivet  one 
end  of  a  copper  strap  on  to  the  copper  plate,  the  zinc  being  cast 
on  to  the  other  end  of  the  strap.  In  this  way  expensive  binding 
screws  or  terminals  are  dispensed  with,  and  a  good  and  sub- 
stantial contact  is  ensured.  The  last  zinc  and  the  last  copper 
are  connected  to  brass  terminals,  which  become  respectively  the 
negative  and  positive  poles  of  the  battery. 

All  porous  pots  should  be  dipped,  top  and  bottom,  in  melted 
paraffin  wax,  so  as,  by  filling  up  the  pores,  to  prevent  the 
solutions  mingling  too  freely  or  rising  to  the  top  above  the  level 
of  the  liquids,  and  thereby  allowing  the  water  to  evaporate  and 
the  salts  to  crystallise  out.  One  side  of  the  porous  pots  may 
also  be  paraffined  with  advantage,  viz.  the  side  which  is  remote 
from  the  zinc.  A  porous  pot  which  has  been  once  used  should 
not  be  allowed  to  get  dry,  as  the  crystals  which  form  on  drying 
will  chip  it,  and  render  it  useless. 

The  Daniell  cell,  when  in  good  condition,  can  be  employed 
as  a  fairly  reliable  standard  of  electro-motive  force,  and  owing  to 
the  ease  with  which  the  copper  salt  is  decomposed,  the  cell 
possesses  one  great  advantage  over  the  Clark  standard  cell,  in 
that  it  does  not  polarise  even  when  joined  on  short-circuit  for 
a  considerable  time,  and  can  consequently  be  used  to  give  a 
standard  current  of,  say,  one  milliampere.  It  has,  however,  the 
disadvantage  that  for  accurate  measurement  it  requires  a  certain 
amount  of  attention,  which  must  be  particularly  directed  to  the 
zinc  division  to  keep  it  free  from  copper.  Such  a  cell  will  main- 
tain an  electro-motive  force  of  1*07  to  ro8  volt  for  a  considerable 
time. 
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There  is  a  form  of  standard  Daniell  which  we  have  found 
very  easy  to  make  and  very  inexpensive.  It  consists  of  a  U-tube 
(fig.   28)  about    half   an    inch    in  „„  ,„ 

diameter  and  5  inches  long  in  the 
leg.  A  little  cotton-wool  is  pushed 
down  to  the  bottom  of  the  bend 
to  form  the  porous  partition.  One 
leg,  b,  is  provided  with  a  quantity 
of  saturated  solution  of  sulphate  of 
copper,  and  the  other  leg,  a,  with  a 
semi-saturated  solution  of  sulphate 
of  zinc.  A  piece  of  pure  copper 
wire,  say  three- sixteenths  of  an  inch 
thick,  forms  the  negative  plate,  the 
positive  plate  consisting  of  a  rod 
of  chemically  pure  zinc,  such  as 
can  be  obtained  of  any  dealer  in 
chemical  materials.  These  rods  are 
fixed  in  position  and  the  ends  of 
the  tube  closed  by  means  of  corks. 
The  cell  can  be  secured  to  a 
wooden  stand  by  means  of  an 
indiarubber  band,  and  wires  con- 
nected to  the  rods  can  be  joined 
to  terminals  fitted  on  the  board. 
Such  a  cell  can  be  put  together  in  a  few  minutes,  and  always 
secures  a  reliable  standard  of  electro-motive  force  quite  good 
enough  for  ordinary  practical  work  ;  but  of  course  its  internal 
resistance  is  too  high  to  enable  it  to  be  used  to  give  a  current 
of  such  a  strength  as  can  be  obtained  from  the  ordinary  cell 
made  up  with  fairly  large  plates. 

The  Grove  and  Bunsen  cells  are  very  much  alike.  Zinc,  as 
usual,  constitutes  the  positive  plate  in  each  case,  the  liquid  placed 
with  it  being  a  solution  of  sulphuric  acid  in  the  proportion  of 
1  part  of  acid  to  7  or  8  parts  of  water.  The  negative  plate  in  the 
case  of  the  Grove  cell  consists  of  a  sheet  of  platinum  foil,  and  in 
the  case  of  the  Bunsen  of  a  slab  or  block  of  gas-retort  carbon  ; 
concentrated  nitric  acid  is  the  depolarising  (or  hydrogen-absorbing) 
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liquid  which  surrounds  the  negative  plate.  The  Grove  cell  is 
usually  contained  in  a  flat  rectangular  porcelain  vessel,  the  zinc 
plate  being  bent  into  a  U -shape  to  embrace  the  flat  porous  pot 
which  contains  the  platinum  foil.  By  this  arrangement  each 
surface  of  the  platinum  has  opposed  to  it  a  surface  of  zinc,  the 
internal  resistance  being  consequently  very  low. 

Zinc  sulphate  is  formed  by  the  action  of  the  sulphuric  acid 
on  the  zinc,  and  the  hydrogen  which  is  thereby  released  reduces 
the  nitric  acid  (HNOs)  to  water  and  nitric  peroxide  (N,0,), 
which  ascends  as  a  gas  into  the  air.  This  gas  is  distinguishable 
from  all  others  by  its  dense  brown  appearance  and  its  extremely 
pungent  odour. 

The  chemical  reactions  may  be  represented  by  the  equation  : 
Zu  +  So4H2  +  aHNOB  =  ZnSO,  +  aOH,  +  NsO( 

Zinc.         Sulphuric  Nilric  Zinc  Water.  Nilric 

acid.  acid.  sulphate.  peroxide. 

The  nitric  acid,  which,  to  give  the  maximum  strength  of  current, 
should  be  concentrated,  is  seriously  weakened  as  the  current  is 
Fl0i  ao  produced.     This   results,  in   the 

first  place,  from  the  fact  that 
every  atom  of  hydrogen  set  free 
from  the  sulphuric  acid  decom- 
poses a  portion  of  the  nitric  add, 
while,  in  the  second  place,  the 
water  which  is  thereby  formed 
dilutes  and  so  weakens  the  re- 
maining acid.  The  acid,  which, 
when  first  poured  in,  should  be 
quite  colourless,  is  first  turned 
brown  by  the  peroxide  (which  is 
more  or  less  soluble  in  the  acid), 
changing  subsequently  to  green, 
when  it  is  practically  useless. 

The   Bunsen   cell,   which  is 
illustrated  in  fig.  29,  is  most  fre- 
quently made  in  a  circular  form. 
The  outer  jar  is  of  glazed  earthenware,  and  contains  the  solution 
of  sulphuric  acid,  with  a  cleft  sine  cylinder,  and  inside  this  is 
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Fig.  30 


placed  the  porous  cell,  containing  a  rod  of  carbon,  immersed 
in  strong  nitric  acid.  The  porosity  of  the  carbon  enables  it  to 
present  to  the  liquid  a  very  extended  surface,  as  compared  with 
the  platinum  of  the  Grove  cell. 

The  action  of  the  battery  is  precisely  the  same  as  in  the  Grove, 
since  the  carbon  and  platinum  remain  chemically  unaffected 

The  Daniell  and  the  Grove  cells  are  the  representatives  of 
two  extensive  classes  of  battery. .  Daniell's  has  attained  its  high 
standard  of  popularity  on  account  of  its  cheapness  and  its  con- 
stancy. The  Grove,  on  the  other  hand,  develops  a  high  electro- 
motive force,  but,  owing  to  polarisation, 
it  runs  down  rapidly  and  is  not  reliable 
for  more  than  three  to  four  hours  at  a 
time.  It  was  for  a  long  time  the  typical 
cell  for  lecture  and  demonstration  pur- 
poses, but  the  general  distribution  of 
electric  supply  services  is  rapidly  driving 
it  out  of  use. 

There  are  many  forms  of  double-fluid 
bichromate  batteries.  In  nearly  all  of 
them  zinc  and  carbon  are  employed  for 
the  positive  and  negative  elements  re- 
spectively, the  difference  being,  generally 
speaking,  confined  to  the  depolarising 
solution  surrounding  the  carbon  plate. 
In  one  of  them,  however,  a  feature  is 
made  of  the  means  adopted  for  keeping 
the  zinc  well  amalgamated  or  coated  with  a  film  of  mercury  zinc 
amalgam,  the  object  of  which  is  to  cover  up  any  impurities  which 
may  be  present  in  the  zinc  and  to  offer  a  uniform  surface  to  the 
solution.  This  cell  is  known  as  the  '  Fuller,'  and  it  is  usually 
made  up  in  a  round  earthenware  jar,  in  which  is  placed  a  com 
paratively  small  porous  pot  containing  the  zinc  rod,  which  is  of 
a  peculiar  shape,  as  shown  in  fig.  30.  The  zinc  is  cast  on  to 
a  stout  copper  wire  which  passes  almost  to  the  bottom  of  the 
rod  and  helps  to  keep  it  intact.  Two  or  three  ounces  of  mercury 
are  placed  in  the  porous  pot,  which  on  the  addition  of  the  solution 
(dilute  sulphuric  acid)  creeps  up  the  surface  of  the  zinc  by  the 
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force  of  capillary  attraction,  and  so  keeps  it  uniformly  and  auto- 
matically amalgamated.  A  plate  of  gas-retort  carbon  is  placed 
in  the  outer  vessel  in  a  solution  of  bichromate  of  potash,  derived 
from  a  stiff  paste,  of  which  a  quantity  is  placed  in  the  bottom 
of  the  cell,  and  which  contains,  probably,  a  quantity  of  free 
chromic  acid,  soda  nitrate,  &c.  An  unusually  large  quantity  of 
this  solution  is  generally  provided,  in  order  to  maintain  its  strength 
for  a  longer  period  than  would  be  the  case  were  the  more  usual 
proportions  adopted.  The  chemical  action  is  practically  the  same 
as  that  in  the  single-fluid  bichromate  cell.  The  electro- motive 
force  of  the  cell  averages  2  volts,  and  its  internal  resistance,  which 
depends  largely  upon  the  porosity  of  the  porous  pot,  should  be 
about  2  ohms. 

A  distinct  type  of  cell,  known  as  the  '  dry '  cell,  is  now  in 
extensive  use ;  but  nearly  all  the  forms  of  this  type  of  cell  are 
in  principle  modifications  of  the  Leclanche  cell,  having  zinc 
and  carbon  for  the  positive  and  negative  plates,  sal-ammoniac  to 
attack  the  zinc  plate,  and  manganese  peroxide  to  intercept  the 
hydrogen.  The  electro -motive  force  is  therefore  in  all  cases  about 
the  same  as  that  of  the  Leclanche',  viz.  1*5  volt  The  chief 
feature  in  these  cells  is  the  absence  of  any 
liquid,  the  materials  being  made  up  into  a 
damp  paste.  Were  the  cell  really  dry, 
chemical  action  could  not  take  place,  and 
no  current  could  be  produced.  As  it  is, 
the  cells  are  liable  to  become  useless  as  the 
moisture  in  the  paste  evaporates  and  the 
internal  resistance  rises.  One  of  the  many 
forms  of  dry  cell  is  shown  in  section  in 
fig.  31.  It  is  contained  in  either  a  circular 
or  a  rectangular  zinc  vessel,  which  is  at  the 
same  time  the  positive  plate,  and  which  is 
provided  with  a  lining,  p,  composed  of  plaster 
of  Paris,  flour,  chloride  of  zinc,  sal-ammoniac, 
and  water  mixed  up  into  a  paste,  which  quickly  sets  after  having 
been  placed  in  position.  Inside  this  is  another  paste,  b,  sur- 
rounding the  carbon  plate,  c,  and  composed  of  carbon,  peroxide 
of  manganese,  chloride  of  zinc,  and  water.     The  chloride  of  zinc, 
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which  is  increased  in  amount  during  the  action  of  the  cell,  is 
a  deliquescent  salt,  and  it  therefore  assists  in  keeping  the  pastes 
moist.  The  top  of  the  cell  is  sealed  in  with  a  layer  of  pitch 
or  other  similar  material  resting  on  a  layer  of  silicated  cotton. 
A  small  hole  through  the  pitch  permits  the  escape  of  such 
gases  as  may  be  liberated.  Connection  is  made  to  the  carbon  by 
means  of  a  brass  terminal  screw,  a,  and  to  the  zinc  cylinder  by 
means  of  a  copper  wire  or  strip,  w. 

When  newly  made  the  resistance  of  the  cell  is  considerably 
less  than  half  an  ohm,  but  it  rises  steadily  as  the  contents  become 
dry.  The  resistance  can,  however,  be  lowered  again,  although  not 
to  its  initial  value,  by  the  introduction  through  the  vent-hole  of  a 
little  weak  solution  of  sal-ammoniac.  As  a  rule  it  is  cheaper  to 
replace  a  high-resistance  cell  by  a  new  one. 

Dry  cells  are  certainly  very  handy,  more  particularly  for  testing 
operations,  where  the  batteries  have  to  be  carried  about,  as  there  is 
no  risk  of  spilling  the  solution,  and  the  cells  are  always  immediately 
available. 

Primary  batteries  are  of  little,  if  any,  service  in  electric  lighting. 
They  are  valuable  for  testing  purposes,  but  as  sources  of  current 
for  the  electric  light  they  are  altogether  out  of  place,  owing  to  the 
fact  that  zinc,  which  is  in  every  case  used  as  the  positive  plate, 
and  which,  being  consumed  in  the  generation  of  the  current, 
corresponds  to  the  coal  consumed  in  a  boiler,  is  very  many 
times  dearer  than  coal.  Even  were  expense  a  question  of  minor 
importance,  there  still  remains  the  fact  that  primary  batteries  are 
very  troublesome  to  maintain,  and  most  of  them  give  off  noxious 
fumes,  which  are  also  as  a  rule  corrosive. 

There  are  three  considerations  that  have  to  be  taken  into 
account  when  determining  what  kind  and  what  number  of  cells  it 
would  be  most  advisable  to  employ  for  any  particular  purpose : 
first,  the  relative  constancy ;  secondly,  the  electro-motive  force ; 
and,  thirdly,  the  ratio  between  the  internal  resistance  of  the  cell 
and  the  external  resistance  (or  the  resistance  of  the  connecting 
wires  and  apparatus).  It  will  have  been  gathered  that  there  is  in 
the  matter  of  electro-motive  force  and  constancy  considerable 
variation.  We  will  not  enter  here  into  the  question  of  expense, 
for  in  the  end  that  which  is  the  best  cell  for  any  particular  purpose 
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generally  proves  to  be  also  the  cheapest.  The  internal  resistance 
is,  however,  an  important  factor.  If  it  were  negligible,  it  would, 
for  example,  be  possible  to  maintain  a  current  of  one  ampere  by 
one  Daniell  cell  having  an  electro-motive  force  of,  say,  one  volt 
working  through  an  external  resistance  of  one  ohm  ;  for  as 

e    ,        i  volt 
c  =  r'  then  i  ohm  =  *  ^P^ 

But  the  average  Daniell  cell  offers  4  ohms  resistance,  so  that 
the  current,  where  r  is  the  external  resistance  of  1  ohm,  and  r 
the  internal  resistance,  would  be 

r  +  r  "  1  +  4  "  '*  *m**K  ' 

and  if  we  were  to  attempt  to  increase  this  current  materially  by  the 
addition  of,  say,  nine  other  similar  cells,  we  should  fail,  for  then 

ioe  10 

=  — , —  =  '25  ampere  nearly. 

r  +  lor       1+40  J       r  J 

Similarly,  with  100  such  cells  through  this  unit  resistance — 

iooe  100 

— =  — : =  "25  ampere  nearly. 

R  +  ioor       1  +  400  or  / 

We  see,  then,  that  increasing  the  number  of  cells  in  this  way, 
when  the  external  in  comparison  with  the  internal  resistance  is 
low,  produces  no  correspondingly  good  effect,  for  the  simple 
reason  that,  although  we  proportionally  increase  the  electro- 
motive force  by  so  doing,  we  at  nearly  the  same  rate  increase  the 
circuit  resistance.  As  a  matter  of  fact,  no  Daniell  cell  or  battery, 
unless  made  of  abnormal  dimensions,  can  possibly  develop  a 
current  of  1  ampere,  its  internal  resistance  being  too  high. 

On  the  other  hand,  were  we  to  employ  Grove  cells  (which,  for 
the  sake  of  simplicity,  we  will  assume  to  have  an  electro-motive 
force  of  2  volts  per  cell),  the  advantage  of  increasing  the  number 
of  cells  on  a  low  resistance  circuit  soon  becomes  apparent 
For  example,  with  an  external  resistance  of  1  ohm  and  an  internal 
resistance  of  2  ohm  per  cell,  one  cell  would  give  us 

E  2 

— — : —  =  — ; —  =i*6  ampere. 

R  +  r       1  +   2  v 
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Two  such  cells  would  produce 


2E  4 

tc+Tr  -  r+—4 = r8s  amperes; 


and  three  cells 


— 3 —  = sx  3*8  amperes  nearly. 

Similarly,  four  cells  would  give  4*4  amperes,  and  five  cells  would 
yield  5*0  amperes.     But  from  ten  cells  we  should  only  get 

ioe  20         ,  ; 

=  6*6  amperes. 


r  +  ior      1  +  2 

While  with  100  such  cells  the  current  would  be 

iooe            200 
— =  <ve  amperes, 

R  +  ioor      i  +  20 

showing  again  that  as  the  internal  resistance  approaches  or  ex- 
ceeds the  external  the  proportional  increase  of  the  current  is 
lessened.  When,  however,  the  external  resistance  is  relatively 
high,  say  1000  ohms,  the  battery  resistance  becomes  propor- 
tionally low,  and,  therefore,  to  a  corresponding  extent,  negligible. 
The  current  from  one  Daniell  cell  would  be 

E  I 

.  c  = = =  '000006  ampere. 

r  +  r      1000  +  4 


With  ten  cells  we  should  get 

ioe      10 

r  +  ior      1000  +  40 


=  '00961  ampere, 


or,  practically,  a  current  of  tenfold  strength. 

Similarly,  with  a  battery  of  100  cells  we  should  get 

iooe  100 

— s= . =  "0714  ampere. 

r  +  ioor      1000  +  400 

Again,  one  Grove  cell  would  give  through  1000  ohms 

E  2 

C  = = =  *oo2  ampere. 

K  +  r     1000  +  '2  r 
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and  ten  cells  would  give 

ioe  20 


r  +  ior      1000  +■  2 
From  100  cells  we  should  get] 


=  0199  ampere. 


iooe  200  r 

=  '196  ampere. 


r  +  ioor      1000  +  20 

With  either  the  Daniell  or  the  Grove  the  strength  of  the  current 
increases  in  almost  the  same  ratio  as  the  number  of  cells  when  the 
external  resistance  is  high.  But  as  the  Grove  is  vastly  inferior  to 
the  Daniell  in  constancy,  and  as  it  is  a  very  expensive  form  of 
battery,  the  deduction  is  that  Daniell  cells  should  be  used  for 
circuits  of  high  resistance,  compensating  for  their  lower  electro- 
motive force  by  a  corresponding  increase  in  numbers.  On  the 
other  hand,  the  Grove,  in  consequence  of  its  low  internal  resist- 
ance, is  better  adapted  for  circuits  of  low  resistance,  such  as  are 
frequently  met  with  in  experimental  work. 

The  internal  resistance  of  different  cells  of  any  particular 
type  varies  inversely  as  the  size  of  the  plates  (counting  only 
the  active  or  opposed  surfaces).  It  also  varies  directly  as  the 
distance  between  them  (making  due  allowance  for  the  resistance 
of  the  porous  pot,  which  would,  of  course,  have  a  constant  value 
unless  varied  in  material  or  dimensions).  The  meaning  of  this  is 
plain,  for  if  we  were  to  double  the  size  of  the  plates  we  should 
halve  the  resistance  and  proportionally  increase  the  current 
strength. 

The  same  object  is  attained  by  joining  cells  in  '  parallel.'  So 
far  we  have  only  considered  them  as  joined  in  series — that  is  to 
say,  the  copper  of  one  cell  joined  to  the  zinc  of  the  next,  and  so 
on.  Under  such  circumstances  the  electro-motive  force  of  the 
battery  is  equal  to  the  sum  of  the  electro- motive  forces  of  the 
individual  cells.  If  the  coppers  of  two  cells  are  joined  together, 
and  likewise  the  zincs,  and  the  two  junction  wires  connected  to 
the  external  circuit,  a  current  will  be  developed  by  an  electro- 
motive force  equal  to  that  of  one  cell,  the  joint  resistance  of  the 
two  equal  cells  being  half  that  of  one  of  them  used  separately. 
The  arrangement  is,  in  fact,  equivalent  to  doubling  the  size  of  thq 
plates  of  a  single  cell. 
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This  will,  perhaps,  be  made   clearer  by  a  reference  to  the 
diagrams,  figs.  32,  33,  and  34.     Fig.  32  represents  a  battery  of 


Fig.  32 


three  cells  joined  in  series,  the  short  thick  strokes  representing  the 
zinc  or  positive  plates,  and  the  long  thin  ones  the  copper  or  nega- 


tive plates.     Fig.  33  shows  two  cells  joined  in  parallel.     If  they 
are  both  of  exactly  the  same  electro-motive  force,  no  current  can 


Fig.  34 


flow  from  c  to  c  or  from  z  to  z,  but  on  joining  the  external  wires 
a  and  b  together,  a  current  would  be  generated  by  each  cell  and 
pass  through  the  external  circuit  from  b  to  a.  As  already  stated, 
the  joint  resistance  of  these  two  cells  would  be  half  that  of  one 
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of  them,  and  with  a  low  external  resistance  the  current  strength 

would  be  increased  proportionally.     In  fig.  34  are  shown  sixteen 

cells  divided  into  four  sets  of  four  cells  each,  the  sets  being  joined 

up  in  parallel.     On  completing  the  external  circuit  a  current  will 

flow,  due  to  an  electro-motive  force  equal  to  that  of  four  cells, 

but  the  battery  resistance  will  be  only  one-fourth  of  that  of  four 

cells. 

The  joint  resistance  of  any  number  of  parallel  batteries  is 

rs 
equal  to   - ,  where  r  is  the  resistance  per  cell,  s  the  number  of 

such  cells  joined  up  in  series  in  each  individual  battery,  and  b 
the  number  of  such  batteries  joined  together  in  parallel.  This  is 
simply  an  application  of  the  law  that  with  a  number  of  conductors, 
n,  of  uniform  resistance,  r,  joined  together  in  parallel,  their  joint 

resistance  is  equal  to     ,  for  rs  is  the  total  resistance  of  each 

N 

of  the  batteries  joined  together  in  parallel.  This  arrangement 
is  sometimes  very  advantageous ;  for  example,  if  sixteen  Daniell 
cells,  each  of  1  volt  electro-motive  force  and  4  ohms  internal 
resistance,  are  employed  in  series  for  a  circuit  of  4  ohms  external 
resistance,  the  current  will  be 

-*-6    =  '235  ampere  .         (1). 

By  dividing  the  cells  into  two  sets  of  eight  cells  each  and  joining 
these  in  parallel  the  current  is  increased,  thus : 

_    _    -    =r  '400  ampere        .         .         (2). 

On  rearranging  the  cells,  as  shown  in  fig.  34,  the  current  becomes 

4  _    =   -500  ampere        .         .         (3). 
4  +  4 

Pursuing  this  plan  any  further,  however,  results  in  a  diminution  of 
the  current,  because  the  gain  in  reduced  resistance  is  overbalanced 
by  the  loss  in  electro-motive  force ;  for  example,  if  eight  sets  of 
two  cells  each  are  joined  in  parallel,  we  get 


>y 


=  '400  ampere        .        .        (4), 
4  +  1 
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While  with  the  whole  of  the  sixteen  cells  joined  in  parallel  we  get 
only 

1 ,2    =  *235  ampere        .         .         (5). 

With  circuits  of  comparatively  low  external  resistance  there  is, 
therefore,  a  best  possible  arrangement  of  the  cells  to  give  the 
strongest  possible  current,  and  with  any  given  number  of  cells 
this  arrangement  is  arrived  at  when  the  internal  resistance  is  equal 

fS 

to  the  external  resistance,  or  when  r  =  _.. 

B 

Such  an  arrangement  is  not,  however,  economical ;  nor  indeed 
is  any  arrangement,  unless  the  external  resistance  is  considerably 
in  excess  of  the  internal. 

As  has  been  already  stated,  the  strength  of  the  current  is  the 
same  in  all  parts  of  the  circuit;  consequently  in  (t)  sixteen  times 
as  much  zinc,  &c,  is  consumed  in  the  sixteen  cells  as  is  consumed 
in  any  one  of  them.     In  (3),  however,  each  set  of  four  cells  must 
be  considered  as  a  separate  or  branch  circuit,  and  only  one-fourth 
of  the  current  flowing  in  the  external  circuit  would  flow  through 
each  of  these  separate  sets.     The  external  current  is  approxi- 
mately  twice  as  strong  as  in   (1).      Therefore  the   individual 
current  in  each  cell  and  the  consequent  consumption  of  zinc  is 
only  half  as  great.     In  (5),  where   there  are  sixteen  cells   in 
parallel,  a  current  is  produced  equal   to  that  resulting  from  a 
battery  of  sixteen  cells  in  series,  but,  the  cells  being  joined  up  in 
parallel,  only  one-sixteenth  of  this  current  flows  through  each  cell, 
so  that  the  total  consumption  of  zinc  in  the  sixteen  cells  is  but 
equal  to  that  in  a  single  cell  in  (1),  clearly  demonstrating  the 
advantage,  from  an  economical  point  of  view,  of  using  batteries 
much  lower  in  resistance  than  the  wire  and  apparatus  through 
which  the  current  has  to  flow. 

One  important  feature  concerning  the  proportion  between 
the  electro-motive  force  of  the  battery  and  the  difference  of 
potential  it  can  maintain  in  any  given  external  circuit  requires 
careful  consideration.  It  was  pointed  out  in  Chapter  II.  that  in 
any  given  circuit  the  fall  of  potential  varies  directly  as  the  resist- 
ance, so  that  in  (1),  where  the  internal  bears  to  the  external  resist- 
ance the  proportion  of  16  to  1,  only  one-seventeenth  of  the  16  volts 
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developed  by  the  battery  is  available  in  the  external  circuit,  the 
remaining  sixteen-seventeenths  being  absorbed  in  overcoming 
the  resistance  of  the  battery.  In  (3),  the  resistance  outside  the 
battery  being  equal  to  that  inside,  the  electro-motive  force  of 
4  volts  developed  is  halved,  2  volts  being  available  for  the  external 
circuit.  Similarly  in  (5)  the  available  electro-motive  force  for  the 
external  circuit  is  sixteen-seventeenths  of  a  volt  (the  gross  electro* 
motive  force  developed  being  1  volt),  or  equal  to  that  produced 
by  the  sixteen  cells  joined  up  in  series,  as  in  (1),  where,  as  already 
shown,  the  consumption  of  materials  is  sixteen  times  as  great ; 
and,  speaking  generally,  we  may  say  that 

R 

P  =  E  ,  —  j 

r  +  r 

where  E  is  the  electro-motive  force  developed  by  the  battery,  r 
is  the  external  resistance,  r  is  the  internal  resistance,  and  p  the 
available  potential  difference  at  the  terminals  of  the  battery.  For 
example,  with  a  battery,  as  in  (4),  whose  internal  resistance  is 
1  ohm  working  through  an  external  resistance  of  4  ohms,  and 
having  an  electro- motive  force  of  two  volts,  the  available  potential 
difference  will  be 

p  =  2     -  -   =  1/6  volt. 
4  +  1 

The  available  potential  difference  can  also  be  ascertained  in 
another  way  which  does  not  involve  the  necessity  for  ascertaining 

the  external  resistance.     Ohm's  law  declares  c  =     ,  or,  e  =  c  R 

R 

And  this  is  true  either  of  a  complete  circuit  or  simply  of  a  part  ot 
a  circuit.  If,  for  instance,  in  a  circuit  of  known  or  of  unknown 
total  resistance  the  current  strength  is  found  to  be,  say,  1  *5  ampere, 
and  that  any  portion  of  the  circuit  offers  a  resistance  of  3  ohms, 
then  the  fall  of  potential,  or  the  electro-motive  force  absorbed,  e,  in 
that  portion  of  the  circuit  will  be 

e  as  cr  =  1  -5  x  3  =  4-5  volts. 

If  the  known  resistance  is  that  of  the  battery  (r),  it  follows  that  4*5 
volts  will  be  the  electro-motive  force  absorbed  by  the  battery,  and 
if  that  is  deducted  from  the  total  electro-motive  force  developed 
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(say    20   volts),  the  remainder  will  be  the  available   potential 
difference  for  the  external  circuit,  or 

p  =  e  —  cr  =  20  —  (1-5  x  3)  =  155  volts. 

Occasion  sometimes  arises  for  substituting  one  form  of  battery 
for  another  without  making  any  appreciable  change  in  the  current 
strength.  If  the  internal  resistance  were  negligible,  this  would,  of 
course,  be  a  matter  of  no  diffculty ;  but  even  when  it  is  requisite 
to  make  allowance  for  the  battery  resistance,  a  simple  formula  can 
be  employed  to  ascertain  the  number  of  cells  necessary  to  develop 
a  given  current  strength.  For  example,  suppose  that  a  battery  of 
100  cells,  with  an  electro-motive  force  of  1  volt  and  an  internal 
resistance  of  4  ohms  per  cell,  sends  a  current  through  an  external 
resistance  of  400  ohms,  then  that  current  will  be 

1  100 

=  '125  ampere. 


ioor  +  r       400  +  400 

Substituting  some  other  form  of  battery  with  an  electro-motive 
force  of  2  volts  and  an  internal  resistance  of  1  ohm  per  cell,  and 
letting  n  be  the  number  of  such  cells  necessary  to  develop  0*125 
ampere,  then 

n  x  2  1 

/        -   v    .-        =   I25  =  o  ampere; 
(n  x    1)  +  400  8       *      ' 


that  is  to  say, 

2H           __    I 

n  +  400       8' 

or, 

it>«  =  n  +  400 

i5«  =s  400 

n  =  4°?  =  26*6. 
15 

Twenty-seven  of  those  2-volt  cells  would  maintain  in  the  circuit 

a  current  of 

27E                  54  c 
1 a- 2z ss  '126  ampere. 

2*jr  +  400       27  +  400 

Twenty-six  cells  would  be  insufficient  for  the  purpose.    This 
formula  also  possesses  the  advantage  of  providing  the  same  poten- 

g  2 
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tial  difference  at  the  terminals  of  the  battery,  as  well  as  that  of 
furnishing  the  number  of  cells  necessary  to  develop  an  equally 
strong  current,  for  obviously;  with  a  given  resistance  and  a  definite 
current  to  maintain,  a  correspondingly  definite  potential  difference 
must  be  provided. 

The  student  should  make  every  effort  to  master  these  simple 
calculations  and  the  principles  involved,  and  he  will  then  be  in  a 
position  to  readily  understand  almost  any  similar  problem  which 
may  present  itself  in  connection  with  dynamo  machines  and  the 
complex  circuits  upon  which  they  are  usually  employed. 
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CHAPTER  IV 

MEASUREMENT    OF    CURRENT    STRENGTH 

Having  in  the  preceding  chapters  shown  how  a  current  of  elec- 
tricity can  be  generated  and  maintained,  and  having  also  explained 
the  various  units  by  which  we  can  measure  that  current,  as  well 
as  the  resistance,  and  the  pressure  or  electro-motive  force  which 
maintains  the  current,  it  behoves  us  now  to  turn  our  attention  to 
the  methods  of  making  such  measurements,  and  to  the  considera- 
tion of  the  laws  involved.  In  order  to  make  the  student's  progress 
at  this  difficult  stage  as  easy  as  possible  we  will  approach  the 
subject  experimentally. 

If  a  wire,  a  b  (fig.  35),  carrying  a  current  is  brought  near 
another  wire,  c  d,  also  carrying  a  current,  it  is  found  that  there  is 

Fig.  35 
A J^L __      B 

C D 


a  decided  action  between  the  two  wires.  If  the  currents  are  flow- 
ing in  the  same  direction,  as  shown  by  the  arrow-heads  in  fig.  35, 
the  wires  are  attracted  one  to  the  other.  On  the  other  hand,  if 
the  currents  travel  in  opposite  directions,  as  in  fig.  36,  repulsion 
ensues. 

Fig.  36 
A__ "> B 

C D 


The  force  of  this  attraction  or  repulsion  depends,  among  other 
considerations,  upon  the  strength  of  the  current     It  would  be 
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possible,  therefore,  to  take  advantage  of  this  effect,  as  affording  a 
means  of  estimating  or  measuring  current  strength,  and  a  device 
for  so  doing  will  be  described  presently. 

Now  it  is  impossible  for  any  such  action  to  take  place  between 
the  two  wires  without  the  aid  of  some  intervening  medium  to 
transmit  the  force.  This  medium  is  the  same  as  that  which  trans- 
mits the  electrical  stresses  in  the  other  or  static  state  of  electricity 


that  state  in  which  a  body  affected  by  it  is  said  to  be  electrified  or 
charged  with  electricity,  and  is,  in  all  probability,  the  light  carry- 
ing ether. 

Although  it  is  difficult  to  understand  the  precise  action  in  the 
case  now  under  consideration,  it  is  easy  to  show  experimentally 
the  direction  in  which  the  force  acts.  If  we  thread  a  wire  through 
a  piece  of  cardboard,  send  a  strong  current  through  the  wire,  and 
then  sprinkle  iron  filings  on  the  cardboard,  the  filings  will  arrange 
themselves  in  concentric  circles  round  the  wire  as  shown  in  fig.  37. 
This  arrangement  is  caused  solely  by  the  current,  and  may  be 
observed  at  any  part  of  (he  wire.      The  lines  thus  marked  out, 
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Fig.  38 


/" 
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\ 
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which  show  the  direction  in  which  the  force  due  to  the  current 
acts  upon  the  filings,  are  called  '  lines  of  force.' 

As  in  the  case  of  the  imaginary  lines  considered  in  Chapter  I. 
it  is  convenient  to  assume  for  these  lines  also  a  certain  direction. 
That  direction  along  a  line  of  force,  indicated  by  the  arrow-heads 
in  fig.  38,  is  called  the  '  positive '  direction.  The  direction  can  be 
impressed  upon  the  memory  by  thinking  of  the  act  of  using  a 
corkscrew.  If  the  longitudinal  direction  in  which  the  screw  moves, 
either  into  or-  out  of  the  cork,  be  taken  to  represent  the  direction 
of  the  current,  then  the  positive  direction  of  the  lines  of  force  will 
be  that  in  which  the  handle  rotates,  so  that  if 
in  fig.  38  the  downward  direction  of  the  cur- 
rent were  reversed,  the  positive  direction  of  the 
lines  of  force  would  be  in  the  opposite  direc- 
tion to  that  indicated  by  the  arrow-heads. 
The  space  around  the  wire  in  which  the  effect 
of  the  current  is  perceptible  is  called  an 
4  electro-magnetic  field,'  and  it  is  important  to 
remember  that  the  strength  of  this  field  is 
exactly  proportional  to  the  strength  of  the  cur- 
rent producing  it.  It  extends  from  the  axis  ot 
the  wire  as  a  centre  throughout  the  surround- 
ing space,  but  as  the  distance  from  the  wire 
increases  the  effect  is  weakened,  until  it  at  last 
becomes  so  feeble  as  to  be  imperceptible.  The  lines  of  force 
traversing  this  field  obey  similar  laws  to  those  laid  down  for 
the  lines  due  to  a  static  charge,  and  the  interaction  between  two 
sets  of  lines  of  force  can  always  be  predicted  by  remembering 
that  their  universal  tendency  is  to  coincide  in  direction  and  to 
shorten  themselves. 

Reverting  to  the  experiment  with  the  two  wires  carrying  the 
currents,  it  may  be  said  that  the  force  exerted  between  them  always 
tends  to  move  them  so  that  they  shall  take  up  such  a  position 
that  the  currents  flow  in  the  same.common  direction  (as  in  fig.  35), 
and  that  the  wires  as  nearly  as  possible  coincide.  To  prove  this 
it  is  necessary  to  allow  at  least  one  of  the  wires  to  be  capable  of 
moving  freely  and  with  as  little  restraint  or  friction  as  possible. 
This  can  be  done  by  means  of  a  simple  device  for  constructing  a 
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movable  or  floating  battery  celL  Let  a  cork  be  fitted  to  a  small 
glass  beaker  partly  filled  with  dilute  sulphuric  acid,  and  through 
the  cork  pass  wires  carrying  thin  strips  of  zinc  and  copper,  com- 
pleting the  circuit  externally  by  means  of  a  stiff  but  not  too 
heavy  piece  of  wire,  as  shown  in  fig.  39.  The  small  beaker  cell 
can  then  be  placed  in  a  larger 
beaker,  or  any  other  con- 
venient vessel  containing 
water ;  and,  unless  too  much 
acid  solution  has  been  placed 
in  the  smaller  beaker  or  the 
solid  portions  are  made  un- 
necessarily heavy,  the  cell  will 
float  upon  the  water.  If  a 
wire  carrying  a  strong  current 
is  placed  parallel  to  the  straight 
part  of  the  wire,  a  b,  so  that 
the  currents  flow  in  opposite 
directions,  the  wire  a  b  will  be  repelled,  and,  the  cell  floating 
away,  will  turn  completely  round,  so  that  the  currents  in  the 
two  wires  flow  in  the  same  direction;  the  cell  will  then  be 
attracted  until  a  b  lies  as  near  as  possible  to  the  other  wire. 

These  effects  of  attraction  and  repulsion  may  be  increased  by 
increasing  the  length  of  the  wires,  because  then  a  greater  number 
Pin  m  of  lines  of  force  are  brought  into   play, 

but  very  long  straight  wires  would  be 
cumbersome  and,  in  fact,  impracticable. 
It  is,  therefore,  more  convenient  to  coil 
them  up  into  flat  spirals  (fig.  40),  covering 
the  wire  with  silk,  cotton,  or  other  insu- 
lating material,  to  prevent  adjacent  convo- 
lutions getting  into  contact.  The  effects 
between  the  spirals  will  be  similar  to  those 
between  the  same  two  wires  straightened 
out — that  is  to  say,  attraction  or  repulsion 
will  ensue  according  to  the  direction  of  the 
currents.  For  many  purposes,  however,  it  is  preferable  to  coil  the 
wire  into  a  long  spiral  or  helix.     In  fig.  41  one  of  the  helices,  a  b, 
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is  floated  in  a  manner  similar  to  that  adopted  in  fig.  39,  the  other 
helix,  a  £,  being  placed  near  it.  The  action  between  two  such 
helices  is  very  decided,  and,  being  of  exactly  the  same  character 
as  that  between  the  straight  wires  or  flat  spirals,  may  be  predicted 
by  remembering  the  laws  we  have  just  stated.  If  the  currents  are 
flowing  in  opposite  directions  round  adjacent  ends  of  the  spirals 
or  helices,  repulsion  will  take  place,  and  the  floating  helix,  moving 
more  easily  than  the  other,  will  recede,  and,  turning  completely 
round  on  its  vertical  axis,  will  approach  with  its  opposite  end  to 
the  fixed  spiral,  as  in  fig.  41.  The  currents  will  then  be  flowing 
in  the  same  direction,  and  the  floating  helix,  being  comparatively 
large  and  its  movements  not  restricted,  will  not  come  to  rest  until 
it  has  threaded  itself  on  to  or  over  the  other  spiral.  Such  a  spiral 
or  helix  of  wire  acts  as  if  the  force  resided  at  its  extremities 
(which  are  termed  '  poles '),  and  this  form  of  spiral  is  frequently 
called  a  solenoid. 

Now  the  strength  of  an  electro-magnetic  field  may  be  measured 
by  the  density  of  its  lines  of  force  or  the  number  contained  in  a 
given  area.  From  the  experi- 
ment illustrated  in  fig.  37  it  is 
clear  that  the  lines  are  much  den- 
ser near  the  wire  than  at  a  distance 
from  it.  This  is  also  the  case 
when  the  wire  is  coiled  up  into  a 
helix.  The  greater  part  of  the 
lines  there  form  little  circles,  closely  embracing  the  wire  from 
which  they  are  generated,  and  comparatively  few  of  these  circular 
lines  of  force  pass  through  the  space  at  the  ends  or  poles  of  the 
solenoid,  where,  if  we  consider  the  action  of  the  helix  as  a  whole, 
the  force,  generally  speaking,  appears  to  be  concentrated.  It 
will  be  evident  that  if  we  can  by  any  means  divert  the  circular 
lines  of  force  so  as  to  compel  more  of  them  to  pass  through 
the  ends  of  the  solenoid,  then  its  effective  strength  will  be  greatly 
increased. 

Experiment  has  demonstrated  that  iron  offers  a  far  easier  path 
for  these  lines  of  force  than  the  air  does — so  much  easier,  in  fact, 
that  they  will  alter'  their  circular  shape  and  extend  a  considerable 
distance  from  their  respective  portions  of  the  wire  in  order  to  pass 
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through  a  piece  of  iron.  Fig.  42  illustrates  the  distribution  of  the 
lines  of  force  in  the  neighbourhood  of  a  wire  carrying  a  current 
and  surrounded  by  air ;  and  the  manner  in  which  these  lines  of 
force  may  be  diverted  by  placing  a  piece  of  iron  near  the  wire  is 
shown  in  fig  43.  The  judicious  use  of  iron,  then,  affords  us  a 
ready  means  of  leading  the  lines  to,  and  concentrating  them  at, 
almost  any  point  we  please.  It  may  be  mentioned  that  the  relative 
facility  with  which  the  lines  of  force  can  be  transmitted  through 
good  soft  iron,  or  the  electro-magnetic  conductivity  of  the  iron  as 
compared  with  that  of  air,  may  under  exceptional  circumstances 
be  as  high  as  2000  to  1. 

If,  then,  we  place  a  bar  of  iron  inside  a  solenoid,  a  large  per- 
centage of  the  lines  of  force  lose  their  circular  form,  and,  passing 
through  this  iron  '  core '  (as  it  is  called),  they  leave  it  at  its  ends 

Fig.  42  Fig.  43 
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to  complete  their  excursion  round  the  wire  from  which  they  were 
generated.  An  example  of  this  action  of  iron  is  shown  in  fig.  44, 
which  illustrates  the  field  developed  by  a  powerful  current  travel- 
ling through  a  solenoid  of  a  few  turns,  having  a  core  of  compara- 
tively small  dimensions.  Were  a  larger  and  more  massive  core  to 
be  introduced,  even  more  of  the  lines  of  force  would  extend  them- 
selves through  the  iron  instead  of  circulating  it  in  the  immediate 
vicinity  of  the  wire. 

By  the  introduction  of  these  iron  cores  the  strength  of  the 
action  between  two  solenoids  is  enormously  increased ;  and  a  still 
further  increase  can  be  obtained  by  so  shaping  the  iron  that  the 
greatest  possible  facilities  are  offered  for  the  lines  oi  force  set  up 
by  the  one  solenoid  to  traverse  the  space  occupied  by  the  majority 
of  those  due  to  the  other.  The  designing  of  the  shape  and 
dimensions  of  an  iron  core  often  becomes  an  extremely  important 
matter,  as,  for    example,   in  the  case   of   the  dynamo-electric 


ce*r.  r»  Iron  in  a  Magnetic  Field  91 

machines  hereafter  to  be  described,  in  which  it  is  necessary  to 
concentrate  an  exceedingly  powerful  field  in  such  a  manner  that 
it  shall  be  approximately  uniform  over  a  comparatively  large 
space.  In  such  cases  the  iron  cores  may  be  more  than  a  ton  in 
weight,  and  they  are  not  only  expensive  to  construct,  but  a  con- 
siderable expenditure  of  energy  is  also  required  to  keep  them 
magnetised.  There  is,  therefore,  great  scope  for  effecting  economy 
by  making  the  design  such  that  the  cores  may  be  cheaply  con- 
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structed  and  yet  act  efficiently.  The  student  will  do  well  in  such 
cases  to  always  endeavour  to  think  of  the  iron  as  simply  affording 
a  means  of  diverting  the  lines  of  force  set  up  by  the  current  into 
just  that  part  of  the  field  where  they  are  required  to  act.  The 
precise  effect  on  the  iron  itself  is,  to  a  great  extent,  still  a  matter 
for  speculation,  but  it  must  be  remembered  that  the  only  way  of 
actually  increasing  the  number  of  the  lines  of  force  setting  up 
the  field  is  by  either  increasing  the  current  itself,  or  by  increasing 
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the  length  of  the  wire  and  adding  to  the  electro-motive  force 
sufficiently  to  maintain  the  same  current  strength. 

The  amount  of  attraction  or  repulsion  exhibited  by  the 
solenoids  furnished  with  their  iron  cores  might  be  used  as  a 
means  of  measuring  current  strength ;  but  the  arrangement  is  not 
a  convenient  one,  owing  chiefly  to  the  difficulty  in  obtaining  per- 
fect freedom  of  motion,  the  liability  of  variation  in  the  current 
strength,  and  the  varying  properties  of  the  iron. 

Were  it  not  for  these  disadvantages  we  could  keep  the  electro- 
magnetic force  of  one  of  the  solenoids  constant,  and  send  the 
various  currents  to  be  compared  and  measured  through  the  other. 
But  here  Nature  comes  in  to  aid  us,  for  it  is  found  that  if  a  piece 
of  hard  iron  or  steel  is  used  as  a  core  for  the  solenoid,  it  retains 
more  or  less  permanently  a  large  portion  of  the  electro-magnetic 
properties  originally  produced  by  the  current.  The  power  or 
ability  of  retaining  such  effects  or  properties  is  known  as  the 
'  retentivity '  of  the  iron  or  steel,  and  depends  entirely  upon  its 
chemical  composition  and  its  mechanical  or  molecular  structure. 
This  retentivity  is  the  same  property  as  that  frequently  but 
erroneously  called  '  coercive  force.1  If  retentivity  corresponds  to 
anything  at  all,  it  is  to  inertia  rather  than  to  anything  that  can 
fairly  be  described  as  coercive.  The  similarity  to  mechanical 
inertia  is  seen  in  the  fact  that  those  samples  of  iron  which  transmit 
the  lines  of  force  freely,  retain  scarcely  any  of  the  influences  pro- 
ducible by  them,  while,  on  the  other  hand,  hard  iron  and  steel, 
which  resist  the  propagation  of  the  lines  of  force,  also  resist  the 
vanishing  of  these  lines  after  the  cessation  of  the  current  which 
called  them  into  existence. 

A  piece  of  iron  or  steel  which  acquires  and  so  retains  the 
power  of  acting  as  a  solenoid  is  called  a  permanent  magnet,  or 
simply  a  magnet,  and  its  extremities  are  also  called  poles.  The 
lines  of  force  still  enter  and  leave  the  steel  as  they  did  before  it 
was  removed  from  the  helix,  the  direction  being  shown  by  the 
arrows  in  fig.  45.  The  end,  s,  at  which  they  are  assumed  to  enter 
is  called  the  south-seeking  pole  of  the  magnet,  and  the  other  its 
north-seeking  pole. 

The  actual  arrangement  imparted  to  iron  filings  sprinkled  on  a 
sheet  of  paper  placed  over  a  permanent  steel  magnet  is  beautifully 
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illustrated  in  fig.  46.     It  is  very   similar  to   the   arrangement 
illustrated  in   fig.  44,   the  essential  difference  being    that  the 


subsidiary  lines  or  curves  surrounding  the  wire  itself  are  missing, 
and  the  field  is  in  consequence  much  simpler  and  more  clearly 


defined.  Such  a  distribution  of  the  filings  as  that  illustrated  in 
fig.  46  would  take  place  in  any  plane  parallel  to  the  axis  of  the 
magnet,  for  the  lines  of  force  radiate  from  the  poles  similarly  in 
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all  directions.  The  distribution  observed  when  the  paper  is 
placed  on  the  end  of  the  magnet  and  at  right  angles  to  its  axis 
is  shown  in  fig.  47.  Here  the  filings  appear  to  be  radially 
arranged  on  a  horizontal  plane.  In  the  absence  of  the  filings  the 
lines  of  force  are  in  the  form  of  curves  in  a  series  of  vertical 
planes,  but  as  the  power  of  the  magnet  is  inadequate  to  hold  the 
filings  in  position  in  mid  air,  they  are  projected  vertically  down- 
wards, so  that  the  arrangement  shown  in  fig.  46  is  just  that  which 


the  arched  curves  would  assume  were  they  viewed  torn  a  position 
immediately  over  and  at  some  distance  from  the  paper. 

It  is  advisable  that  the  student  should  have  a  good  idea  of  the 
effect  produced  upon  a  field  of  force  by  the  introduction  of  an- 
other field.  For  example,  in  fig.  48  two  permanent  magnets  have 
been  used,  and  the  arrangement  of  the  filings  between  them  is 
very  different  from  that  arrangement  illustrated  in  fig.  46.  The 
point  to  be  observed  is  that  the  lines  of  force  invariably  pass 
between  opposite  poles,  and  in  the  space  between  the  magnets  a 
line  springing,  say  from  one  of  the  north  poles,  selects  the  path  to 


Field  between  Magnets 


95 


the  nearer  of  the  two  south  poles.  The  effect  of  interposing  a 
bar  of  soft  iron  placed  midway  between  the  magnets  is  illustrated 
in  fig.  49.  Many  of  the  lines  of  force  pass  through  the  iron,  the 
number  being  about  the  same  from  the  two  magnets.  As,  how- 
ever, the  two  sets  of  lines  of  force  pass  through  the  iron  in 
opposite  directions,  no  definite  polarity  is  developed  in  the  iron 
bar,  the  north  polarity  at  one  end  due  to  one  magnet  being  equal 
to  the  south  polarity  at  the  same  end  due  to  the  other  magnet. 
The  student  is  advised  to  experiment  with  a  pair  of  magnets  and 


a  number  01  iron  bars  ot  various  dimensions,  arranging  them  in 
as  many  different  ways  as  possible.  The  iron  filings  sprinkled 
over  the  several  combinations  will  enable  bim  to  study  with 
considerable  interest  the  alteration  in  the  fields  as  he  varies  the 
relative  positions  of  his  magnets  and  iron  bars. 

If  we  know  the  direction  in  which  the  current  passes  round 
a  piece  of  iron  or  steel,  it  is  easy  to  predict  the  direction  of  its 
polarity  or  the  direction  of  its  magnetisation,  for  if  we  look  at 
the  end  of  the  bar,  and  the  current  is  then  flowing  round  it 
in  a  right-handed  direction,  as  in  fig.  50,  that  end  will   be  a 
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south-seeking  pole  ;  but  if  the  current  flow  in  a  left-handed 
direction,  as  in  fig.  sr,  that  end  will  be  a  north-seeking  pole. 


It  is  the  practice  to  enter  into  a  detailed  description  of  the 
difference  between  right-  and  left-handed  helices,  with  a  view  to 


facilitating  a  recollection  of  the  electro- magnetic  polarity.  Thus 
a  left-handed,  helix  (fig.  52)  is  one  in  which,  from  whichever  end 
the  current  enters,  it  will  travel  in  the  opposite  direction  to  that 
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taken  by  the  hands  of  a  clock,  and  will  develop  north- seeking 
polarity  at  the  end  at  which  it  enters  and  south-seeking  polarity 
at  the  end  of  emergence.  Conversely,  a  right-handed  helix 
v*j&  53)  is  one  in  which  the  current  will  travel  round  in  the  same 
direction  as  the  clock-hands.  In  this  the  entering  end  becomes 
a  south  pole  and  the  other  end  a  north  pole.     But  all  this  is  super- 

Fig.  52 


fluous.     It  is  sufficient  to  regard  the  cause  and  effect  in  the  way 
indicated  in  the  preceding  paragraph. 

It  is  noteworthy  that  two  magnets  act  one  upon  the  other  in 
precisely  the  same  manner  as  two  helices  or  a  helix  and  a  magnet, 
for  in  every  case  the  movement  or  motion  imparted  is  such  as 


Fig.  53 


will  tend  to  make  the  lines  of  force  coincide  in  direction.  Thus, 
if  one  magnet,  a  (fig.  54),  is  brought  near  another,  b,  which  is  sus- 
pended by  a  thread  or  pivoted  on  a  needle-point  as  at  c,  so  that 
it  can  turn  freely  about  its  centre,  the  force  exerted  between 
them  will  endeavour    to   make  the  suspended  magnet   take   up 
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such  a  position  as  to  allow  the  lines  of  force  due  to  both  magnets 
to  pass  through  them  in  the  same  direction.  This  will  happen 
when  the  magnets  are  in  line  and  when  their  opposite  poles  are 
adjacent,  as  shown  in  fig.  54.  In  other  words,  there  will  be  re- 
pulsion between  similar  magnetic  poles  and  attraction  between 
dissimilar  ones. 
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If,  however,  both  magnets  are  allowed  perfect  freedom  of 
motion,  their  ultimate  position  will  be  similar  to  that  shown  in 

%•  55 »  tne  magnets  then  lying 
side  by  side  with  their  dissimilar 
poles  adjacent.  In  this  position 
the  coincidence  of  the  lines  of  force 
is  at  a  maximum  :  that  is,  the 
lines  due  to  each  magnet  turn  round  at  the  ends  and  pass  through 
the  other,  and  in  so  doing  assume  the  easiest  path  for  their  com- 
pletion. If  pieces  of  soft  iron,  called  armatures  or  keepers,  were 
placed  across  the  extremities  of  the  magnets,  the  circuit  of  the 
lines  of  force  would  be  continued  through  them  to  such  an  extent 
that  few  or  none  of  the  lines  would  traverse  the  air. 

These  armatures  are,  however,  rarely  made  properly,  their  mass 
being  far  too  small,  and  their  shape  far  from  the  best  possible  ; 
but  this  point  we  will  deal  with  more  fully  in  Chapter  VII. 

The  strength  of  a  magnet  pole  can  be  estimated  by  measuring 
the  force  with  which  it  attracts  or  repels  another  pole,  the  force 
being  equal  to  the  product  of  the  two  polar  strengths ;  or,  if  m 
represents  the  strength  of  one  pole,  and  m{  the  strength  of  the 
other  similarly  magnetised,  the  force  of  their  repulsion  will  be 
m  xm,.  This  force  of  repulsion  is  not,  however,  the  same  at  all 
distances,  but  varies  inversely  as  the  square  of  the  distance ;  so 
that  we  might  express  the  force/  between  two  magnet  poles,  by 
the  simple  formula 

J  d2 

where  d  equals  the  distance  in  centimetres  between  the  poles. 
Since  we  cannot  possibly  obtain  a  single  isolated  pole,  it  is,  when 
endeavouring  to  verify  this  statement  by  experiment,  important 
to  bear  in  mind  that  the  distance  between  the  two  poles  of  each 
magnet  should  be  as  great  as  possible — or,  in  other  words,  that 
the  magnet  should  be  as  long  as  possible — to  minimise  the  error 
that  would  be  produced  by  the  ever-present  tendency  of  the 
remote  poles  to  act  oppositely  to  the  adjacent  ones. 

We  have  already  defined  the  dyne  as  the  unit  of  force,  and  the 
magnet  pole  of  unit  strength  is  such  a  one  that  if  placed  at  a  dis- 
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tance  of  one  centimetre  from  a  similar  and  equal  pole  it  will  repel 
it  with  a  force  of  one  dyne.  Consequently,  the  strength  at  any 
point  in  any  field  can  be  determined  by  measuring  in  dynes  the 
repulsion  at  that  point  of  a  magnet  pole  of  unit  strength.  In 
every  case,  then,  the  force  acting  upon  a  magnet  pole  is  found  by 
multiplying  the  strength  of  the  pole  by  the  strength  or  intensity  of 
the  field  in  which  it  is  placed.  In  order  to  numerically  compare 
the  strengths  of  magnetic  fields  by  the  relative  densities  of  the  lines 
of  force,  it  is  assumed  that  a  field  of  unit  strength  contains  one 
Hne  of  force  per  square  centimetre. 

The  earth  itself  is  practically  a  huge  misshapen  or  irregular 
magnet,  and  behaves  as  such,  acting  as  if  its  poles  were  situated 
relatively  near,  but  actually  at  some  distance  from,  the  geographi- 
.  cal  poles.  If  a  magnet  needle  were  suspended  so  that  it  could 
turn  freely  in  a  vertical  plane,  it  would,  with  a  plane  of  rotation 
east  and  west,  point  with  its  north  pole  vertically  downwards ;  but 
if  the.  plane  of  rotation  were  north  and  south,  the  needle  would, 
in  London,  come  to  rest  with  the  north-seeking  pole  dipping 
downwards,  and  making  an  angle — known  as  the  angle  of  inclina- 
tion or  dip — of  about  670  with  the  horizon.  If  a  second  magnetic 
needle  were  suspended  or  balanced  on  a  pivot  in  a  horizontal  plane, 
it  would  set  itself  approximately  north  and  south,  the  north- 
seeking  pole  pointing  to  the  north  magnetic  pole  of  the  earth. 
The  axis  of  the  magnet — that  is,  the  straight  line  joining  its  two 
poles  — would  actually  make  an  angle — known  as  the  angle  of 
declination — of  about  160,  with  the  geographical  meridian  passing 
through  its  centre. 

It  will  be  observed  that  there  is  here  a  case  of  attraction 
between  the  north  pole  of  the  earth  and  the  north-seeking  pole  of 
the  magnet ;  but  this  is  no  contradiction  of  the  law  that  similar 
poles  repel  and  dissimilar  attract,  inasmuch  as  the  magnetic 
properties  of  the  north  pole  of  the  earth  are  in  all  respects 
the  same  as  those  of  the  south-seeking  pole  of  a  magnet. 

The  earth's   total  magnetic  force  as  observed  at  any  point 
in  the   northern    hemisphere  can   be  resolved  into   two  com- 
ponents at  right  angles  to  each  other,  one  acting  in  a  vertical 
.  direction,  tending  to  depress  the  north-seeking  pole  of  the  needle, 
the  other  acting  in  a  horizontal  direction  and  striving  to  make 
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Fig.  56 


the  needle  point  north  and  south.     Their  relative  values   may 
be  found  by  the  familiar  parallelogram  of  forces  (see  fig.  56) 

The  line  a  b  is  drawn  making  an  angle  0  with 
the  horizontal  equal  to  the  angle  of  inclination, 
and  the  right-angled  parallelogram  which  has  a  8 
for  a  diagonal  is  then  completed  with  its  sides 
horizontal  and  vertical.  Then,  if  a  b  represents 
in  length  the  magnitude  of  the  total  magnetic 
force,  a  c  and  a  d  will  be  proportional  to  the 
horizontal  and  vertical  components  respectively. 

When  the  magnet  is  so  balanced  that  it  can 
only  move  in  a  horizontal  plane,  then  a  large 
proportion  of  the  force — viz.  the  vertical  component — is  simply 
exerted  in  pressing  the  magnet  on  its  support.  The  remainder, 
or  the  horizontal  component  only,  is  effective  in  making  the 
magnet  point  towards  the  magnetic  north  and  south.  On  the 
other  hand,  when  the  plane  of  a  dipping  needle  is  at  right 
angles  to  the  magnetic  meridian,  or  to  the  direction  of  the 
earth's  lines  of  force,  the  vertical  component  only  is  active, 
and  the  magnet  points  vertically  downwards,  the  horizontal  com- 
ponent spending  its  force  in  pressing  the  pivots  against  their 
bearings,  vainly  striving  to  urge  the  needle  round  into  the  direc- 
tion of  the  dip.  When  the  plane  of  such  a  needle  is  parallel  to 
the  magnetic  meridian  the  total  force  can  then  be  exerted  upon  it, 
urging  it  to  point  in  the  line  of  dip,  the  lines  of  force  due  to  the 
earth's  magnetism  being  able  in  that  position  to  coincide  exactly 
fig.  57  with  those  of    the  needle.      A 

q^  horizontally   balanced    magnetic 

needle  is  useful  in  pointing  out 
the  direction  of  the  north  and 
south  magnetic  poles  of  the  earth. 
In  consequence  of  the  im- 
mensity of  the  earth  as  a  magnet, 
its  magnetic  field  is  practically 
uniform  over  any  small  space 
near  the  surface  of  the  earth — that  is,  its  lines  of  force  throughout 
any  such  small  space  are  parallel  and  equidistant  It  follows, 
therefore,  that  the  poles  of  a  needle  floating  on  water  are  attracted 


A[ 


3b 


*d 


CHAP.  IV 


Couples 


IOI 


and  repelled  with  equal  force  in  any  position,  and  as  a  consequence 

of  this  the  needle  does  not  move  bodily  towards  the  north  pole 

of  the  earth,  but  is  simply  directed  so  as  to  point  north  and 

south. 

We  may  here  consider  the  well-known  law  in  mechanics  that 

when  two  equal  forces,  parallel  but  opposite  in  direction,  act  at 

the  ends  of  a  rigid  bar,   they  tend  to   turn  it  round  upon  its 

centre.     The  turning  effort  is  greatest  when  the  forces  act  at 

right  angles  to  the  bar,  as  do  c  and  d  in  fig.  57,  a  b  being  the 

rigid  bar.     The  amount  of  this  turning  effect  m  is  equal  to  the 

sum  of  each  of  the  two  forces  multiplied  by  the  distance  from  the 

centre ;  that  is, 

m  =  (c  x  o  a)  +  (d  x  o  b), 

whence,  c  being  equal  to  d, 

m  =  c  (o  a  +  o  b), 

that  is,  m  =  c  x  a  b, 

or  the  turning  effort  is  equal  to  the  product  of  one  of  the  equal 
forces  into  the  perpendicular  distance  between  them. 

Such  a  pair  of  equal  forces  is  called  a  couple,  the  perpendicular 
distance" between  their  direction  being  called  the  arm  of  the  couple ; 
and  the  turning  effort,  m,  as  measured  by 
the  product  of  one  of  the  forces  into  the 
arm,  is  the  moment  of  the  couple.  As 
the  bar  turns  round  or  rotates,  the  moment 
m  is  decreased,  the  forces  being  the  same 
but  acting  at  less  advantage— in  other 
words,  the  leverage  is  reduced.  This  will 
be  more  evident  from  a  consideration  of 
fig.  58,  where  the  perpendicular  distance 
between  the  directions  of  the  forces  is  a  e, 
and  consequently  the  moment  of  the 
couple  is  c  x  a  e. 

Reverting  once  more  to  the  experiment 
with   the   floating  needle,  if  we  call  the 
strength  of  one  of  the  poles  of  the  needle 
m  and  let  h  represent  the  horizontal  component  of  the  earth's 
magnetic  field,  then  the  force  acting  on  each  end  of  the  needle 
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is  m  x  h.  If  we  place  the  needle  so  as  to  point  east  and  west, 
the  arm  of  the  couple  is  equal  to  the  full  length  /  of  the  needle, 
whence  the  moment  is  m  x  h  x  /.  This  moment  decreases  as 
the  needle  moves  round  towards  zero,  or  that  position  in  which 
it  is  pointing  north  and  south.  The  moment  is  then  reduced  to 
nothing,  m  becoming  m  x  h  x  o,  because  the  length  of  the  arm 
is  nothing ;  consequently  the  needle  remains  at  rest.  The  horizontal 
component  only  is  taken  into  consideration,  because  that  is  the 
only  part  of  the  earth's  total  magnetic  force  which  is  able  to  act 
effectively  upon  the  needle  and  move  it  in  a  horizontal  plane. 


Fig.  59 
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Now  we  can  cause  any  current,  the  strength  of  which  we  may 
desire  to  measure,  to  develop  a  field  of  strength  f  at  right  angles 
to  the  earth's  directive  force— that  is  to  say,  we  can  cause  the 
current  to  travel  north  and  south,  and  by  so  doing  deflect  a 
magnetic  needle  from  its  zero  position,  the  wire  carrying  the 
current  being  placed  either  above  or  below  the  needle.  Then 
the  new  force  acting  on  each  end  or  pole  of  the  needle  will  be 
m  x  fy  where  m  is  again  the  strength  of  the  magnet  pole ;  and, 
the  length  of  the  arm  being  calculated  as  before,  the  moment  will 
be  «    x  /  multiplied  by  that  arm.     Manifestly,  the  needle  will 
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come  to  rest  in  a  position  where  the  moment  of  the  couple  due 
to  the  current  is  equal  to  the  moment  of  the  couple  due  to  the 
earth. 

Let  the  needle  n  s  (fig.  59)  be  so  deflected  by  a  current,  and 
make  an  angle,  nob,  called  the  angle  of  deflection,  with  the 
magnetic  meridian,  a  b.  This  angle  n  o  b  is,  of  course,  equal  to 
the  angle  nsd.  Let  this  angle  be  called  a°>  and  let  /  be  the 
strength  of  the  field  due  to  the  current,  the  direction  of  the  action 
of  which  is  indicated  by  the  arrows  d  h  and  f  g.  d  s'is  then 
the  perpendicular  distance  between  these  directions,  whence  the 
moment  of  the  couple  due  to  the  current  is  m  x  /  x  d  s. 

By  similar  reasoning  it  will  be  seen  that  the  moment  of  the 
couple  due  to  the  earth  iswxH  xnd,  Now,  if  the  needle  has 
assumed  a  state  of  rest,  showing  that  the  moments  of  these  two 
couples  are  equal,  it  follows,  as  a  matter  of  course,  that 

and  (by  cancelling  and  dividing) 
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The  ratio  —  is  called  the  tangent  of  the  angle  nsd,  and 

this  angle  is  equal  to  the  angle  of  deflection  a°  because  a  b  is 
parallel  toLD;  consequently 

/  =  h  tan  a°. 

This  strength  of  field,  /  is  proportional  to  the  current  pro- 
ducing it ;  therefore  the  current,  Cj,  is  likewise  proportional  to 
h  tan  a°. 

And  this  will  be  true  of  all  currents  and  all  deflections,  so  that 
if  we  let  a  second  current,  c2,  cause  the  needle  to  be  deflected 
through  the  angle  b°,  then  c2  must  be  proportional  to  h  tan  b°. 

Consequently        c,  :  c2  ::  h  tan  a°  :  h  tan  6°, 
that  is,  c,  :  c2  ::      tan  a°  :      tan  b°y 

or  the  two  currents  are  directly  proportional  to  the  tangents  of  the 
angles  through  which  they  deflect  the  needle.  By  referring  to  a 
table  such  as  is  here  given  we  can  find  the  numerical  value  of  the 
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tangents  of  these  or  other  angles,  and  so  can  easily  compare  the 
strength  of  the  currents. 


Table  of  Natural  Sines  and  Tangents 


Deg. 
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Sine 
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Tangent 
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Deg. 
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69 
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40 
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70 
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ii 
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12 
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42 

•669 
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!    72 

•951 
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13 

•225 

•23I        1 

43 

■682 

•932 

1    73 

•956 
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14 

'242 

249 

44 

•694 

•965 

1     74 

•961 

3  49 

15 

•259       1 

•268 

45 

•707 

I'OO 

75 

•966 

373 

16 

•275       ' 

•287 

46 

•719 

I  03 

76 

•970 

4*oi 

17 

•292       1 

■306 

47 

731 
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77 

•974 

4  33 

18 

•309 

■32S 

48 

743 

1*11 

78 
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*9 

■325       , 
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49 

755 

1 15 

79 

•981 

5M 

20 

•342       1 
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50 

766 
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80 

■985 
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21      | 

•358 

384       1 

5i 
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81 
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631 

22 

'374 
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52 
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82 

•990 
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23 
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53 

•798 
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I3     ' 
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24     ! 
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'445      ji 

54 
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84     | 
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25 

422       , 

•466      1 

55 

•819 
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•996 
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26 
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•488       , 

56 

•829 
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86 
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H'3<> 

27     | 
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•S09     ,1 

57 

■838 
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87 

•998 
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28 
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58 
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88 
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29 
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59 
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39 

•999 
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30 
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60 
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90 
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An  instrument  which  will  enable  us  to  make  these  comparisons 
is  called  a  tangent  galvanometer  ;  but  in  order  to  obtain  accurate 
results  one  important  point  must  be  carefully  attended  to  in  design- 
ing the  instrument,  for  the  foregoing  proof  only  holds  good  when 
the  two  forces  forming  a  pair  act  parallel  to  each  other  in  any  and 
every  position  of  the  needle.  This  means,  in  short,  that  the  field 
due  to  the  earth  and  that  due  to  the  current  must  be  respectively 
uniform  throughout  the  entire  space  in  which  the  needle  can  be 
moved.  Fortunately  we  can,  by  using  a  very  short  needle,  make 
this  space  proportionally  small,  and  thereby  render  the  problem 
easier.    The  earth's  field,  as  has  been  already  stated,  is  sufficiently 
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uniform,  but  that  due  to  a  current  is  far  from  uniform,  more  particu- 
larly in  the  immediate  vicinity  of  the  wire,  consequent  on  the  very 
decided  curvature  of  the  lines  of  force.  However,  as  we  get 
farther  away  from  the  wire  these  lines  approximate  more  and 
more  to  straight  lines  when  we  consider  a  certain  length  of  them, 
say  one  inch,  and  if,  instead  of  using  a  straight  wire  to  cany  the 
current,  we  bend  it  into  a  ring  of  large  diameter,  we  shall  find 


a  small  space  at  its  centre  where  the  lines  of  force  are,  to  all  intents 
and  purposes,  straight  and  parallel.  In  fig.  60  is  shown  a  per- 
spective view  of  the  ring  and  a  horizontal  view  of  the  distribution 
of  the  lines  of  force  in  the  field.  The  ellipse,  representing  the 
ring  itself,  has  a  a  for  its  axis.  The  magnetic  needle  is  indicated 
by  mm.  If  we  suspend  the  small  needle  here,  the  necessary  con- 
ditions for  a  tangent  galvanometer  are  satisfied,  the  needle  being 
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too  short  to  permit  of  its  poles  being  moved  into  an  irregular  or 
variable  part  of  the  field. 

With  a  ring  6  inches  in  diameter  we  can,  in  fact,  use  a  needle 
three-quarters  of  an  inch  in  length  without  the  risk  of  introducing 
any  appreciable  error. 

Such  a  ring  of  wire,  then,  with  a  needle  suspended  at  its 
centre,  will  serve  to  compare  and  measure  current  strength  accord- 
ing to  the  law  which  we  have  just  stated — i.e.  every  current  will  be 
proportional  to  the  tangent  of  the  angle  through  which  it  can 
deflect  the  needle.  When  made  in  a  practical  form,  the  tangent 
galvanometer  is  one  of  the  most  accurate  and  therefore  usefuf 
pieces  of  apparatus  at  our  command  for  testing  purposes. 

It  is  important  to  notice  here  that  a  variation  in  the  strength 
of  the  magnetic  needle  will  introduce  no  error  in  the  readings  ;  for 
if,  for  instance,  a  needle  partly  loses  its  magnetisation  or  becomes 
weak,  it  is  acted  upon  more  feebly  by  both  the  earth  and  the 
current,  and  in  the  same  proportion,  so  that  the  weakened  effect 
of  the  earth's  field  is  balanced  by  the  equally  weakened  effect 
of  the  current's  field.  If  the  student  turns  again  to  the  equation  on 
p.  103,  he  will  notice  that  m  appears  on  both  sides  of  the  equation, 
and  that  it  therefore  cancels  out.  It  follows  that  the  sensitive- 
ness of  a  tangent  galvanometer  is  independent  of  the  strength  of 
its  magnetic  needle.  If,  therefore,  two  readings  were  taken  with 
different  needles,  but  with  the  same  current  and  with  other  con- 
ditions undisturbed,  the  deflection  would  be  the  same  in  both  cases. 

Returning  to  a  further  consideration  of  the  laws  governing  the 
construction  of  the  instrument,  it  is  essential  to  remember  that 
the  force  with  which  a  current  deflects  the  needle  is  proportional 
to  the  length  of  the  wire  contained  in  the  coil,  and  inversely  propor- 
tional to  the  square  of  its  distance  from  the  needle.  If  we  in- 
crease the  size  of  the  coil,  we  not  only  increase  the  distance  from 
the  wire  to  the  needle,  but  we  also  increase  the  length  of  the  wire 
in  exact  proportion  to  the  increase  of  the  radius.  Now  the  former 
reduces  and  the  latter  increases  the  effect ;  and  the  result  may  be 
expressed  by  saying  that  the  force  /,  due  to  the  current's  field 
at  the  centre  of  the   coil  whose  radius  is  r,  is  proportional  to 

2  it  r 2  it 

r*  r 
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The  quantity  2  ir  is  a  constant  or  invariable  quantity  ;  whence 
it  follows  that  the  net  result  of  varying  the  radius  of  the  coil  is 
that  the  force  with  which  the  needle  is  deflected  varies  for  the 
same  current  inversely  as  the  radius  of  the  coil. 

It  should  also  be  clear  that  if  we  use  one  coil  of  3  inches 
radius,  and  another  of  6  inches  radius,  the  deflection  will  be 
the  same  when  the  strength  of  the  current  in  the  larger  coil  is 
double  the  strength  of  the  current  in  the  smaller. 

With,  however,  a  single  turn  of  wire  6  inches  in  diameter  only 
comparatively  strong  currents  can  affect  the  needle,  and,  as  we 
have  seen,  it  is  not  permissible  to  reduce  this  diameter  for  the 
purpose  of  obtaining  an  appreciable  deflection  with  comparatively 
weak  currents.  But  the  difficulty  can  be  easily  overcome,  for  we 
can  increase  the  length  of  the  wire,  without  increasing  the  distance 
from  the  needle,  by  the  simple  device  of  coiling  it  round  the  needle 
a  number  of  times.  Since  the  effect  on  the  needle  varies  directly 
as  the  length  of  the  wire,  and  the  length  of  wire  in  two  turns 
is  double  that  in  one  turn,  the  effect  on  the  needle  is  doubled  also ; 
in  other  words,  the  effect  on  the  needle  varies  directly  as  the 
number  of  turns  of  wire  in  the  coil.  It  follows  that,  with  equal 
currents,  a  6-inch  coil  of  one  turn  will  give  the  same  deflection  as 
a  12-inch  coil  of  two  turns. 

It  must  be  remembered,  however,  that  if  the  number  of  con- 
volutions is  increased  to  any  great  extent  the  resistance  becomes 
considerable,  and  the  very  act  of  inserting  the  galvanometer  in  a 
circuit  may  then  appreciably  decrease  the  current  we  desire  to 
measure. 

Bearing  all  these  points  in  mind,  we  will  now  consider  a 
practical  instrument  for  the  measurement  of  current  strength, 
selecting  for  description  one  form,  of  which  a  general  view  is 
shown  in  fig.  61. 

The  casing  is  of  brass.  The  mean  diameter  of  the  coil  is 
6^  inches  ;  the  width  of  the  channel  in  the  brass  ring  which  con- 
tains the  wire  is  ^  inch,  and  its  depth  £  inch.  The  length  of 
the  needle— which  is  carefully  pivoted  with  agate  on  an  iridium 
point — is  J  inch. 

As  this  needle  is  too  short  to  indicate  its  own  deflections,  it 
carries  a  light  pointer  of  gilt  copper  wire,  about  5  inches  in  length, 
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fastened  to  it  at  right  angles.  This  pointer  moves  over  an 
engraved  circular  scale-plate,  one  half  of  which  is  divided  into 
degrees,  the  other  half  into  divisions  corresponding  to  the  tangents 
of  those  degrees,  as  shown  in  fig.  62. 


It  may  be  of  service  if  we  refer  here  to  the  manner  in  which 
this  tangent  scale  is  constructed. 

Let  the  quadrant  o  l  (fig.  63)  represent  a  portion  of  the  circle 
along  which  the  scale  is  to  be  marked,  and  let  c  o  be  the  radius 


along  which  the  index  needle  is  to  point  when  at  rest  under  the 
influence  of  the  earth's  magnetic  field,  and  when  therefore 
no  current  is  circulating  through  the  coil  of  the  instrument.  Then 
draw  the  tangent  line,  o  D — that  is  to  say,  a  line  at  right  angles  to 
o  c,  meeting  it  in  o.     Then  mark  off  along  o  d  any  number  of 
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equal  divisions,  and  project  lines  from  these  points  or  divisions  to 
c,  the  centre  of  the  circle,  intersecting  the  circumference  at  various 
places.  These  points  of  intersection  will  then  correspond  to  the 
equal  divisions  along  o  d,  and  will  be  proportional  to  the  tangents 
of  the  various  angles  which  would  be  measured  at  those  inter- 
sections. This  device  saves  the  operator  the  trouble  of  ascertain- 
ing from  a  table  the  tangent  equivalents  to  the  various  deflections 
and  then  calculating  their  relative  values,  as  would  be  necessary 
were  the  scale  divided  into  degrees  in  the  usual  manner. 

A  piece  of  looking-glass  is  placed  under  the  scale-plate  and  is 
exposed  at  two  curved  slots  in  the  plate  (a  a  and  6m6>  fig.  62),  so 
that  in  taking  a  reading  the  observer  may  let  the  pointer  cover  its  own 
reflection,  when  he  will  be  assured  that  he  is  looking  vertically  down 
upon  it,  avoiding  thereby  any  error  due  to  parallax — that  is  to  say, 
any  inaccuracy  in  reading  caused  by  looking  at  the  pointer  sideways. 
A  lever,  operated  by  a  small  switch  extending  through  the  box 
which  carries  the  needle  and  scales,  is  provided  for  lifting  the 
needle  off  its  pivot  when  not  in  use.  There  is  also  (see  fig.  61) 
a  small  adjustable  magnet  which  slides  on  a  vertical  brass  rod 
over  the  needle,  and  is  used  for  varying  the  sensitiveness  of  the 
instrument  By  this  means  it  is  possible  to  make  such  an 
adjustment  that  a  given  deflection— say  twenty-five  divisions — is 
produced  by  a  current  of  one  milliampere,  and  it  is  frequently 
very  convenient  to  so  adjust  the  instrument  when  using  it  for 
some  classes  of  work.  The  controlling  magnet,  when  placed  with 
its  S.  pole  over  the  N.  pole  of  the  needle,  assists  the  directive 
force  of  the  earth's  magnetism,  or  helps  to  keep  the  needle  in  the 
meridian  with  its  north-seeking  pole  pointing  to  the  north.  The 
effect  is  the  same  as  would  be  the  case  were  the  strength  of  the 
earth's  field  increased,  and  a  stronger  current  is  then  required  to 
produce  any  given  deflection.  Hence  the  sensitiveness  of  the 
instrument  is  reduced.  On  the  other  hand,  if  the  controlling 
magnet  is  placed  with  its  north-seeking  pole  pointing  northwards, 
it  tends  to  turn  the  needle  round  from  the  zero  position;  and 
therefore  its  effect  is  the  same  as  would  result  from  a  reduction  in 
the  strength  of  the  earth's  field,  whence  the  sensitiveness  of  the 
instrument  is  increased.  Either  effect  may  be  varied  in  magnitude 
by  sliding  the  magnet  up  or  down  the  rod,  and  thus  varying  its 
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distance  from  the  needle.  For  instance,  the  needle  will  give  the 
least  deflection  with  a  given  current  when  the  magnet  is  placed  at 
the  bottom  of  the  rod  with  its  poles  assisting  the  earth's  mag- 
netism. 

A  reference  to  fig.  64  will  make  the  conception  of  the 
electrical  portion  of  the  instrument  easier.  There  are  three  sepa- 
rate coils  of  wire  in  the  brass  ring,  or  bobbin,  the  ends  of  each 
being  brought  down  through  the  hollow  pillar  and  connected 
under  the  base  of  the  instrument  to  their  respective  terminal 
screws,  as  shown  in  plan  on  the  figure.     Between  the  terminals  c 

Fig.  64 


and  d  is  a  coil  consisting  of  three  turns  of  thick  wire  \  between  d 
and  e  are  twelve  turns  of  similar  wire,  but  wound  in  the  opposite 
direction.  If  the  current  be  sent  from  c  to  e,  we  get  nine  turns 
acting  on  the  needle,  for  three  of  the  twelve  turns  are  neutralised 
by  the  three  in  the  opposite  direction  between  c  and  d.  The 
resistance  of  these  coils  is  negligibly  low,  so  that  we  are  able  to 
get  the  effect  from  three,  nine,  or  twelve  turns  without  varying 
appreciably  the  strength  of  the  current.  The  other  coil  consists 
of  a  great  many  turns  of  fine  silk-covered  wire.  Its  resistance  is 
exactly  320  ohms.  One  end  of  it  is  joined  to  terminal  b,  and  the 
other  end  to  the  middle  brass  block  f.     By  inserting  a  brass  plug 
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in  the  left-hand  hole,  the  end  of  the  coil  attached  to  the  middle 

block  is  connected  to  terminal  a  direct.     If,  however,  this  plug  is 

removed,  the  current  in  travelling,  say,  from  b  has  to  pass  through 

an  additional  resistance  coil  of  750  ohms  (which  is  fixed  under 

the  base  of  the  instrument)  before  it  reaches  terminal  a.     Under 

these  circumstances  the  total  resistance  between  a  and  b  is  1,070 

ohms.    Suppose  now  a  single  Daniell  cell,  whose  resistance  is 

comparatively  low  and  whose  e.m.f.  is  1*07   volt,  to   be  joined 

to  terminals  a  and  b.     By  Ohm's  law  the  current  is  equal  to 

1*07  volt  ..    .  •  .„. 
'-  -.-     ,  or  *ooi  ampere — that  is,  1  miluampere. 

1070  ohms 

These  resistances  are,  in  fact,  calculated  for  use  with  a  single 
Daniell  cell  as  a  standard.  We  can  therefore  always  immediately 
produce  a  deflection  which  we  know  to  be  that  due  to  1  milli- 
ampere  of  current,  and  find  the  value  of  any  other  current  by 
observing  its  deflection  under  similar  conditions.  A  small  key  is 
fixed  on  the  base  of  the  instrument ;  when  depressed  it  connects 
a  direct  to  b,  as  will  be  seen  by  fig.  64,  or,  in  the  usual  language, 
it  short-circuits  the  coils.  It  is  used  for  checking  the  oscillations 
of  the  needle  and  bringing  it  quickly  to  rest  The  750-ohm  coil 
should  always  be  cut  out  of  circuit  except  while  the  instrument  is 
being  '  standardised/  as  explained  above. 

It  is  sometimes  required  to  measure  a  current  so  strong  that 
the  deflection  is  inconveniently  high.  In  this  case  a  part  of  the 
current  may  be  *  shunted/  or  provided  with  a  by-path,  so  that  only 
a  portion  of  the  current  shall  go  through  the  galvanometer,  the 
rest  going  through  the  shunt.  It  is  necessary,  however,  to  know 
exactly  what  fraction  of  the  total  current  is  passing  through  the 
instrument  and  what  through  the  shunt  If  we  join  the  ends  of 
the  coil  by  a  shunt  equal  to  it  in  resistance,  then  the  current  will 
divide  equally  between  the  two  paths,  and  only  half  of  the  total 
current  will  be  measured.  If  the  resistance  of  the  shunt  be  J 
thai  of  the  galvanometer,  then  fn  of  the  current  will  pass  through 
the  shunt  and  the  remaining  tenth  through  the  galvanometer.  In 
this  case,  therefore,  the  total  current  will  be  ten  times  that  measured 
by  the  deflection  of  the  needle. 

The  instrument  we  are  now  describing  is  provided  with  such  a 
shunt ;  its  resistance  is  £g£  ohms,  and  fig.  64  clearly  shows  how  it 
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may  be  brought  into  use  by  inserting  a  plug  in  the  right-hand 
hole,  thus  connecting  together  the  middle  and  right-hand  blocks. 
Suppose,  when  the  adjustment  is  such  that  1  milliampere  gives 
twenty-seven  tangent  divisions,  that  we  insert  this  one-tenth  shunt, 
and  then  with  a  current  of  unknown  strength  obtain  eighty-one 
divisions.  The  current  flowing  found  the  galvanometer  is  mani- 
festly 3  milliamperes  ;  but  this  is  only  ^  of  the  whole,  consequently 
the  total  current  is  30  milliamperes. 

In  order  to  reduce  the  current  flowing  through  a  galvanometer 

to  any  fraction  of  its  full  value,  say  to  - ,  the  resistance  of  the  shunt 

n 

necessary  to  produce  that  result  must  be of  that   of  the 

ft  —  1 

galvanometer.  A  moment's  reflection,  however,  will  make  it  evident 
that  the  introduction  of  a  shunt  reduces  the  resistance  of  the  circuit, 
and  may,  therefore,  cause  a  considerable  and  material  increase  in 
the  current  strength.  Where  this  increase  of  strength  is  appre- 
ciable, the  introduction  of  extra  resistance  sufficient  to  compensate 
for  the  fall  caused  by  the  shunting  becomes  necessary,  the  problem 
being  to  ascertain  exactly  how  much  compensating  resistance  is 
required.  By  the  laws  of  the  joint  resistance  of  two  parallel  wires 
explained  in  Chapter  II.,  the  joint  resistance  of  the  galvanometer 

G  S 

g  and  the  shunt  s  will  be  equal  to      Now  the  resistance 

g  -h  s 

of  s  has  just  been  shown  to  be part  of  g,  or       J-    :  that  is, 

ft  —  1  r  n  -  1  ' 

if  only  a  tenth  of  the  current  is  to  pass  through  the  galvanometer, 

the  shunt  resistance  should  be  ,  or  -  part  of  the  galvano- 

10  —  1         9 r  & 

meter  resistance  g.     That  is  to  say,  s= ,  and  inserting  this 


n  —  1 


value  we  get  as  the  joint  resistance — 

G 


G- 

g  s  n  —  1 


G   +  S  ,  G 

G  +     -  -    - 
ft  — 


which  is  equal  to 


1 14  Electrical  Engineering  chap,  rv 

So  that  the  joint  resistance  of  a  galvanometer  of  320  ohms  and 

its  one- tenth  shunt  will  be  -  =  *        =  32,  whence  it  follows  that 

n         10 

the  reduction  in  resistance  due  to  the  use  of  the  shunt  amounts 

to  g  —  --,  or  320  —  32  =  288.     288  ohms  is,  therefore,  in  this 
n 

case  the  resistance  that  it  would  become  necessary  to  introduce  in 

order  to  restore  the  resistance  of  the  circuit  to  the  same  value 

that  it  had  prior  to  the  introduction  of  the  shunt.     And,  generally, 

it  may  be  said  that  the  introduction  of  a  shunt  reduces  the  resist- 

ance  of  the  circuit  to  the  extent  of         —  g,  and  that  amount  of 

n 

resistance  will  need  to  be  inserted  in  order  to  re-establish  the  con- 
ditions of  the  circuit  In  short,  this  compensating  resistance  is 
equal  to  the  difference  between  the  resistance  of  the  galvanometer 
alone  and  that  of  the  galvanometer  shunted. 

When  great  accuracy  is  desired,  all  the  readings  on  the  tangent 
galvanometer  should  be  taken  with  the  needle  deflected  as  nearly 
as  convenient  through  an  angle  of  45 °.  The  reason  for  this  is, 
that  any  given  proportional  increase  or  decrease  in  the  strength  of 
the  current  will  produce  a  greater  effect  on  the  needle  when  it  is 
in  that  position  than  when  in  any  other,  or,  in  other  words,  the 
sensitiveness  of  the  instrument  is  then  at  its  maximum.  For 
instance,  if,  when  the  needle  is  deflected  through  450,  an  in- 
crease of  the  current  by  one- fortieth  gives  an  increase  of  one 
division  in  the  deflection,  a  similar  increase  in  the  current  when 
the  needle  stood  at  io°  or  8o°  would  not  be  perceptible.  When 
the  deflection  is  small,  the  current  is  so  low  that  a  small  given 
fraction  thereof  is  insufficient  to  appreciably  increase  the  deflec- 
tion ;  while  when  the  deflection  is  very  high,  the  opposing  moment 
due  to  the  earth's  magnetic  field  is  comparatively  great,  and 
further,  the  divisions  on  the  scale  are  too  crowded  to  enable  a 
very  accurate  reading  to  be  taken. 

Every  galvanometer  has  a  definite  angle  of  maximum  sensitive- 
ness^ or  such  an  angle  of  deflection  that  with  a  given  proportional 
increase  in  the  strength  of  the  current  there  will  be  a  larger 
divergence  than  when  the  needle  is  at  any  other  point  on  the 
scale,   and  for  every  tangent  galvanometer  the  angle  of  maxi- 
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mum  sensitiveness  is  45 °.  We  should  always  endeavour,  there- 
fore, when  using  this  instrument,  to  get  the  deflection  as  near 
450  as  possible,  or  when  comparing  two  currents  get  the  deflec- 
tions at  equal  distances  on  either  side  of  this  point. 

It  has  already  been  pointed  out  that  it  is  very  convenient  in 
practice  to  be  able  to  determine  immediately  the  value  in  amperes 
or  milliamperes  to  which  some  particular  deflection  of  the  needle 
corresponds,  and  it  will  be  remembered  that  with  a  Daniell  cell 
as  a  standard  a  current  of  1  milliampere  may  be  immediately 
produced ;  but  it  must  not  be  forgotten  that,  owing  to  the  alteration 
in  the  directive  force  consequent  upon  moving  the  instrument,  or 
moving  pieces  of  iron  in  its  vicinity,  it  is  essential  that  a  standard 
reading  should  be  taken  prior  to  each  test  or  series  of  tests.  The 
experimenter  should  also  guard  against  any  such  prejudical  effect 
as  would  result  from  a  bunch  of  keys  or  a  knife  carried  in  the 
pocket,  or  the  wearing  of  steel- rimmed  spectacles  during  a  test. 

The  foregoing  applies  to  a  galvanometer  with  a  tangent  scale 
constructed  so  that  its  zero  point  is  in  the  centre,  as  is  the  case 
with  the  inner  scale  on  the  tangent  divisions  side  in  fig.  62.  But 
it  will  be  seen  that  in  this  figure  there  is  an  outer  scale,  also  of 
tangent  divisions,  with  the  zero  point  at  the  extreme  left  hand, 
where  the  pointer  is  shown  resting.  This  outer  scale  is  known  as 
the  *  skew  scale,'  a  term  derived  from  the  position  of  the  needle 
when  at  this  zero,  and  its  great  advantage  lies  in  the  fact  that  its 
range  of  measurement  is  double  that  of  the  ordinary  scale.  For  a 
comparatively  high  reading,  also,  the  deflection  can  be  read  with 
greater  ease,  as  the  pointer  is  not  in  the  part  of  the  scale  where  the 
divisions  are  close  together.  It  is  true  that  a  small  deflection 
from  this  zero  cannot  easily  be  read,  on  account  of  the  closeness 
of  the  division  marks,  but  the  ordinary  scale  can  be  employed  for 
such  currents. 

Unfortunately,  the  tangent  galvanometer  is  but  little  suited  for 
the  measurement  of  powerful  currents  such  as  those  generally 
employed  in  electric  lighting  and  many  other  branches  of  electrical 
engineering.  We  must,  therefore,  now  direct  attention  to  an 
instrument  which  will  to  a  considerable  extent  answer  this  purpose, 
and  one  which,  when  skilfully  used,  is  remarkably  accurate.  It  is 
based  upon  the  simple  experiment  mentioned  at  the  commence- 
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ment  of  this  chapter — viz.  the  attraction  or  repulsion  which  takes 
place  between  two  wires  carrying  currents.  It  may  now  be 
stated  that  the  force  of  this  attraction  or  repulsion  is  readily 
measureable,  being,  in  fact,  proportional  to  the  strength  of  one 
current  multiplied  by  the  strength  of  the  other,  provided  that  the 
distance  between  the  two  wires  remains  constant.  If  we  suppose 
the  currents  in  each  of  the  wires  to  be  exactly  equal,  say  2  amperes, 
then  the  force  may  be  represented  by  the  number  2  x  2  =  4. 
Now  if  we  double  the  current  strength  in  each  wire,  the  force  of 
attraction  or  repulsion  will  be  4  x  4  =  16  ;  so  that,  when  the 
current  strength  in  each  is  doubled,  the  force  between  them  is 
quadrupled.  Similarly,  if  we  treble  the  current  in  each  wire,  or 
make  it  6  amperes,  then  the  mutual  force  will  be  6  x  6  =36, 
or  nine  times  as  great  as  when  the  current  was  2  amperes.  We 
therefore  see  that  the  force  of  attraction  or  repulsion  between 
two  wires  carrying  equal  currents  varies  as  the  square  of  the 
current  strength.  It  will  be  apparent  that  the  simplest  method  of 
obtaining  equal  currents  in  each  wire  is  to  join  them  in  series,  and 
allow  the  same  current  to  flow  through  both.  Then,  if  any  number 
of  currents  be  successively  sent  through  them,  the  force  of  the 
action  between  the  wires  will  be  proportional  to  the  square  of  the 
strength  of  the  current  in  every  case ;  whence  it  may  be  reasoned 
that  if  these  forces  can  be  measured  or  compared,  the  currents 
producing  them  can  also  be  estimated,  for,  since  the  force  varies 
as  the  square  of  the  current,  the  current  will  vary  as  the  square 
root  of  the  force  exerted  by  it. 

In  constructing  an  instrument  on  this  principle,  it  is  necessary, 
therefore,  to  have  some  means  of  accurately  indicating  the  force 
exerted,  and  also  to  ensure  that  the  distance  between  the  wires 
remains  exactly  the  same  during  all  the  comparisons. 

The  Siemens  dynamometer  fulfils  all  these  conditions  to  the 
letter.  A  general  view  of  this  instrument  is  given  in  fig.  65, 
fig.  66  showing  the  manner  in  which  the  principle  is  applied. 
The  two  wires  (or  coils)  are  rectangular  in  shape.  One  of  them, 
abcd  (fig.  66),  is  rigidly  fixed  to  a  vertical  support,  while  the 
other,  e  f  g  h,  which  is  sufficiently  large  to  embrace  the  fixed  coil 
when  the  plane  of  the  one  is  at  right  angles  to  that  of  the  other, 
is  suspended  by  a  stout  silk  thread.     In  order  that  the  current 
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may  be  passed  through  the  movable  coil,  without  in  any  way 
impeding  or  interfering  with  its  freedom  of  motion,  its  two  ends, 
i;and  h,  are  brought  round 
and  bent  down  intomercury 
cups  placed  vertically  one 
over  the  other,  so  that  the 
two  ends  and  the  point  of 
suspension,  k,  are  in  the 
same  vertical  line.  Con- 
nection with  the  mercury 
is  made  by  a  wire  passing 
in  at  the  bottom  of  the 
cup.  The  arrows  in  fig.  66 
show  the  direction  of  the 
current  in  the  various  parts 
of  the  circuit,  when  a  cur- 
rent is  sent  through  both 
coils  in  series,  and  it  is 
easy  to  see  that  each  vertical 
limb  of  the  movable  coil 
will  be  urged,  by  repulsion 
on  one  side  and  attraction 
on  the  other,  to  set  itself  in 
the  same  plane  as  the  fixed 
coil.  But  it  has  already  been  said  that  it  is  essential  that  the  coils 
should  remain  or  be  brought  back  into  the  same  relative  positions 
when  the  force  between  them  is  measured.  In  the  Siemens 
dynamometer  the  position  selected  is  with  the  planes  of  the  two 
coils  at  tight  angles  ;  and  the  force  measured  is  that  force  which 
is  necessary  to  keep  the  movable  coil  in  this  position  against 
the  turning  effort  due  to  the  current. 

This  antagonistic  force  is  applied  by  means  of  a  spiral  spring,  s, 
the  lower  end  of  which  is  rigidly  fixed  to  the  rectangle  e  v  g  h, 
while  its  upper  end  is  fixed  to  a  mill-headed  screw,  which  can  be 
turned  round,  torsion  being  thereby  applied  to  the  spiral  spring. 
A  pointer  is  attached  to  the  screw-head  and  moves  with  it,  and, 
travelling  over  a  graduated  scale,  divided  usually  into  400  equal 
divisions  instead  of  360  degrees,  indicates  the  amount  of  torsion 
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to  the  current  circ^lirr^  in  them.  This  u:;cr  force  vav*os,  a^  *c 
have  seen,  as  the  square  et  :he  ctirren;  strength*  so  that*  thctviosw 
the  current  is  proportional  to  the  square  root  of  the  *^«o  o4 
torsioiL  The  movable  coil  also  carries  a  pointer,  the  end  o!  x\hvh 
just  overlaps  the  scale-card  and  plays  between  two  pn>$  about  ha1.: 
an  inch  apart.  When  it  points  to  zenx  the  two  coils  are  aocuuu  N 
at  right  angles  one  with  the  other. 

The  instrument  has  usually  two  separate  and  distinct  iKod 
coils,  one  consisting  of  a  few  turns  of  thick  xvirw  and  the  olhei 
of  a  larger  number  of  turns  of  a  thinner  wire.  The  object  of  thtx 
arrangement  is  to  facilitate  the  measuring  of  currents  ditTenng 
very  considerably  in  strength,  and  so  to  increase  the  ax  a  liable 
range  of  the  instrument  One  end  of  the  thin  xvire  coil  is  joined 
to  the  left-hand  terminal  screw  (fig.  65),  and  one  end  of  the  thick 
wire  coil  to  the  right-hand  screw.  The  other  two  ends  arc  con 
nected  to  the  upper  mercury  cup,  while  the  lower  cup  is  joined  to 
the  middle  terminal  screw. 

For  a  strong  current,  then,  the  centre  and  right  hand 
terminals,  giving  the  thick  wire  and  movable  coils,  should  be 
used:  while  for  a  weaker  one  the  centre  and  left-hand  terminals, 
between  which  are  the  thin-wire  and  movable  coils,  should  be 
employed. 

On  account  of  the  operation  of  the  law  of  the  square,  a  more 
accurate  reading  can  be  obtained  in  the  higher  part  of  the  wale 
than  in  the  lower,  and  it  is  therefore,  where  possible,  more  advun 
tageous  to  use  the  thin-wire  coil  for  such  currents  as  would  give 
only  a  low  reading  with  the  thick-wire  coil. 

Three  levelling  screws  are  provided,  it  being  absolutely 
essential  that  the  coils  should  be  exactly  perpendicular.  The 
movable  rectangle  can  be  raised  or  lowered  by  mcunh  of  the 
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thread  which  is  attached  to  a  horizontal  screw  at  the  top  of  the 
instrument,  until  it  moves  quite  freely  and  makes  good  contact 
with  the  mercury.  It  is  difficult  to  replace  this  silk  thread 
quickly,  and  this  constitutes  a  weak  point  in  the  instrument,  for 
an  inexperienced  operator  frequently  commences  his  experiment 
by  breaking  it. 

The  instrument  requires  calibration — that  is  to  say,  it  is  neces- 
sary to  find  out  to  what  current  strength  a  certain  amount  of 
torsion  is  equivalent — before  any  unknown  current  can  be  measured 
in  amperes.  This  calibration  may  be  effected  by  deflecting  the 
rectangle  by  a  current  of  known  strength,  and  then  by  turning  the 
milled  head  attached  to  the  upper  end  of  the  spiral  spring, 
applying  just  sufficient  torsion  to  restore  the  pointer  attached  to 
the  rectangle  to  the  zero  position.  Suppose  the  current  to  be 
i  ampere  and  the  torsion  applied  16  divisions.  Then  if  a  current 
of  unknown  strength  be  sent  through  the  same  coil,  and  it  is 
necessary  to  apply  64  divisions  of  torsion  to  bring  the  rectangle 
back  to  zero,  the  latter  current  will  be  2  amperes  in  strength ; 

for 

c,     :     ca     :  :     \/i6     :     ^64, 

that  is,  as  4  is  to  8  or  as  1  is  to  2. 

In  practice  such  calculations  would  be  exceedingly  incon- 
venient ;  the  makers  therefore  calibrate  the  instrument,  or  deter- 
mine what  strength  of  current  corresponds  with  the  various  angles 
of  torsion,  both  for  the  thin-  and  thick-wire  coils.  These  results 
are  tabulated  in  a  convenient  form  and  supplied  with  the  instru- 
ment 

On  referring  to  fig.  66  it  will  be  observed  that,  if  the  current 
is  reversed,  the  rectangle  will  still  be  deflected  in  the  same  direc- 
tion, because,  the  direction  of  the  current  in  all  the  limbs 
being  altered,  attraction  or  repulsion  will  take  place  between 
the  same  limbs  as  before.  The  instrument  can  therefore  be 
used  to  compare  either  positive  or  negative  direct  currents,  or 
even  alternating  currents — i.e.  those  whose  direction  is  rapidly 
reversed. 

The  pointer  attached  to  the  screw-head  should  always  stand 
at  zero  when  the  instrument  is  not  in  use,  otherwise  the  spiral 
spring  will  take  up  a  set  and  will  not  bring  the  rectangle  to  zero 
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when  the  pointer  is  brought  there.     The  spring  will,  however, 
gradually  recover  from  any  such  set  if  it  be  not  excessive. 

The  Siemens  dynamometer  is  a  very  accurate  instrument 
when  used  with  ordinary  care,  but  every  measurement  occupies 
an  appreciable  amount  of  time,  for  in  every  case  the  rectangle 
has  to  be  brought  back  exactly  to  zero,  the  amount  of  torsion 
rioted,  and  then  the  table  referred  to,  to  ascertain  the  current 
strength  to  which  this  torsion  corresponds.  The  currents  which 
can  be  measured  by  the  dynamometer,  although  much  above  the 
range  of  the  tangent  galvanometer,  are  too  small  for  present- day 
practice,  and  although  a  large  number  is  still  in  use,  other 
instruments  are  gradually  supplanting  it. 

It  should  also  be  evident  that  an  instrument  which  im- 
mediately indicates  in  amperes  the  strength  of  the  current  flowing 
is  far  more  convenient  to  use,  although  even  now  there  are  not 
many  direct  reading  instruments  which  can  be  relied  upon  to 
remain  accurate  for  so  great  a  length  of  time  as  the  Siemens 
dynamometer. 

Instruments  which  directly  indicate  the  current  strength  in 
amperes  are  called  ammeters,  and  such  instruments  usually 
require  to  be  calibrated  by  comparison  with  a  standard  instrument. 
Perhaps  the  most  important  series  of  standard  measuring  instru- 
ments which  have  yet  been  designed  are  those  due  to  the  inventive 
genius  of  Lord  Kelvin.  They  are  based  upon  the  same  laws  as 
the  Siemens  dynamometer,  viz.  that  repulsion  or  attraction  takes 
place  between  two  adjacent  conductors  carrying  currents,  accord- 
ing to  the  direction  in  which  the  currents  respectively  flow. 

In  fig.  67  is  illustrated  one  of  these  instruments,  which  are 
known  as  Ampere  Balances,  and  are  made  in  a  series  of  ranges. 
The  particular  instrument  illustrated  is  the  Deci-ampere  balance, 
which  is  designed  for  a  range  of  o  to  10  amperes,  but  this 
instrument  corresponds  in  all  essential  details  with  the  other 
balances  ranging  in  measuring  capacity  up  to  600  amperes.  The 
movable  conductor  consists  of  two  flat  circular  coils,  which  are 
fixed  in  a  horizontal  plane  at  the  ends  of  a  horizontal  beam  whic 
is  capable  of  rocking  through  a  very  small  arc.  The  fixed 
conductor  consists  of  four  flat  circular  coils,  one  placed  above, 
and  one   below,  each  of  the  movable  or  rocking  coils.    The 
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position  of  the  movable  coils  is  approximately  midway  between 
the  fixed  coils.  All  six  coils  are  joined  in  series,  and  the 
connections,  together  with  the  underlying  principle  of  the 
instrument,  may  be  gathered  from  the  diagram  fig.  68.  Where 
the  arrows  indicate  the  direction  in  which  the  current  flows  in  the 
various  parts  of  the  instrument,  abcd  represent  the  fixed  coils, 
e  f  the  movable  coils,  and  g  h  the  suspension  ligaments,  to 
which  a  further  reference  will  be  made  later.  These  six  coils  are 
at  the  back  of  the  instrument,  as  shown  in  fig.  67,  but  a  and  c, 


Fig.  68 


which  are  the  upper  fixed  coils,  can  be  easily  seen.  Ti  and  Ta 
represent  the  terminals  in  both  figures.  Assuming  the  current 
which  is  to  be  measured  to  enter  by  terminal  t1}  it  will  pass 
(fig.  68)  to  the  upper  fixed  coil  c,  and  traversing  that  coil  will 
then  pass  in  the  reverse  direction  through  the  lower  fixed  coil  d. 
On  leaving  that  coil,  it  will  pass  through  the  suspension  h  to  the 
movable  coil  f,  the  direction  of  the  current  round  the  coil  being 
clearly  shown  by  the  arrows.  In  order  to  avoid  any  misappre- 
hension as  to  direction  of  the  current  in  the  various  parts  of  the 
coils,  the  connection  between  the  centres  r  and  s  has  been  shown 
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as  a  solid  rod,  although,  of  course,  such  a  device  is  not  necessary, 
nor  is  it  resorted  to  in  practice.  It  will,  however,  be  evident  that 
a  b  and  c  represent  the  back  portions  of  the  convolutions,  while 
d  e  and  /represent  the  front  portions.  Now  the  currents  in  a  and 
b  are  in  the  same  direction,  and  are  therefore  mutually  attractive, 
(see  fig.  35).  Similarly  the  currents  in  d  and  e  are  uni-directional, 
and  are  also  mutually  attractive,  so  that  there  is  attraction 
between  the  coils  c  and  f.  Conversely  the  currents  in  b  and  c 
and  in  e  and /are  opposite  in  direction,  whence  the  coils  f  and  d 
are  mutually  repellent.  In  other  words  the  passage  of  the  current 
in  c  tends  to  draw  f  up,  and  in  d  to  drive  it  up.  If  the  coils 
a  £  b  on  the  left  side  be  similarly  studied,  it  will  be  seen  that 
when  the  current  is  such  as  to  cause  the  coil  F  to  rise,  it  will  at 
the  same  time  strive  to  depress  the  coil  e. 

If  the  direction  of  the  current  through  the  instrument  were 
reversed,  the  whole  of  the  arrows  would  also  be  reversed,  so  that 
in  either  case  the  effect  would  be  a  tendency  to  tilt  the  pair  of 
movable  coils  in  the  same  direction,  depressing  the  left  hand  and 
raising  the  right  hand  side.  Of  course  the  direction  of  the 
current  in  the  coils  a  e  b  could  be  reversed,  so  as  to  make  the 
direction  in  E  and  f  the  same,  and  still  to  retain  the  rocking 
tendency,  but  by  making  the  currents  traverse  the  movable  coils 
in  opposite  directions  possible  disturbances  which  might  arise 
from  local  magnetic  forces  are  annulled.  In  the  large-sized 
ampere  balance  known  as  the  special  Kilo-ampere  balance,  and 
measuring  up  to  2,500  amperes,  the  whole  current  passes  through 
a  single  fixed  coil  or  ring,  and  divides  through  two  halves  of  a 
movable  ring  which  are  urged,  one  up  and  the  other  down,  by  the 
resulting  force. 

In  every  instrument  of  this  class  the  movable  coils  are,  however, 
kept  in  or  restored  to  a  horizontal  position  by  means  of  a  weight 
(w,  fig.  67),  and  the  current  strength  tending  to  deflect  the  pair 
of  movable  coils  is  deduced  from  the  value  of  the  weight  and  its 
position  on  the  scale  when  the  balance  is  restored.  One  of  the 
features  of  the  instrument  is  the  arrangement  for  conducting  the 
heavy  current  to  and  from  the  movable  coils  without  risk  of 
impeding  their  movements  or  heating  the  supports.  This  is 
effected  by  supporting  the  balance  arm,  or  the  beam  carrying  the 
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movable  coils,  by  two  trunnions  each  hung  by  an  elastic  suspen- 
sion ligament  consisting  of  a  bundle  of  very  many  fine  copper 
wires  (g,  fig.  57,  and  g  h,  fig.  58)  through  which  the  current 
passes.  The  readings  being  taken  when  the  movable  coils  are 
in  the  zero  position,  it  is  only  necessary  to  ensure  perfect  freedom 
of  motion  through  a  small  distance  on  either  side  of  zero,  and 
this  condition  is  perfectly  satisfied  by  the  suspension  arrangement 
adopted. 

In  balances  constructed  for  measuring  currents  up  to  1,000 
or  more  amperes,  the  main  current  through  each  ring  is  carried 
by  a  wire  rope,  each  component  wire  being  insulated  from  its 
neighbour  in  order  to  prevent  the  inductive  action  from  altering 
the  distribution  of  the  current  across  the  transverse  section  of  the 
conductor ;  for  were  the  conductor  solid  there  would  be  the  risk 
that  the  current  would  be  largely  confined  to  the  outer  portions  of 
the  wire  or  rod,  only  a  comparatively  small  portion  of  it  passing 
through  the  central  portion  of  the  conductor.  This  phenomenon 
will  be  more  fully  referred  to  in  the  chapters  dealing  with  dynamo 
construction  ;  but  it  may  here  be  observed  that  this  phenomenon 
arises  from  the  fact  that  the  attraction  or  repulsion,  as  the  case 
may  be,  is  between  the  currents  rather  than  between  the  con- 
ductors conveying  them,  or,  in  other  words,  the  conductors  are 
moved  because  they  are  the  media  through  which  the  currents 
pass. 

The  cross  section  of  the  conductor  used  for  winding  the  coils 
in  the  various  sizes  of  the  instrument  is  proportioned  to  the 
maximum  current  which  the  particular  instrument  is  designed 
to  measure,  and  the  design  is  such  that  any  instrument  can 
transmit  or  carry  75  per  cent  of  its  maximum  load  continuously, 
and  can  also  carry  the  full  load  long  enough  for  standardising 
purposes. 

Reverting  to  fig.  67,  the  forces  exerted  by  the  attraction  and 
repulsion  upon  the  movable  coils  is  balanced  by  the  sliding  steel 
yard  weight  w  previously  referred  to.  This  weight  slides  on  an 
•equally  divisioned  fine  scale  r,  graduated  directly  on  the  beam 
attached  to  the  balance.  In  order  to  give  a  long  range  to  each 
instrument  four  weights  in  all  are  supplied,  the  carriage  alone 
constituting  the  first  weight. 


126  Electrical  Engineering  ciur.  iv 

For  the  fine  adjustment  of  the  zero  a  small  metal  *  flag '  is 
provided,  as  in  the  ordinary  chemical  balance.  This  flag  is 
actuated  by  a  fork,  having  a  handle,  h,  outside  the  case,  as  shown 
in  the  figure.  In  order  to  set  the  zero,  the  sliding  weight  is 
placed  with  its  pointer  at  the  zero  of  the  scale,  and  the  flag  is 
turned  to  the  one  side  or  the  other  until  it  is  found  that  with  no 
current  passing  through  the  coils  the  balance  rests  in  its  righted 
position.  A  fixed  inspectional  scale,  s,  graduated  with  bolder 
numbers  and  divisions,  is  arranged  immediately  behind  the  fine 
scale  r,  notches  being  provided  along  the  top  edge  of  the  fine 
scale  to  correspond  with  each  of  the  principal  divisions  of  the 
inspection  scale  s.  A  certificate  is  supplied  with  every  instrument, 
and  constants  are  provided  for  each  weight  which  apply  to  the 
values  on  the  inspectional  scale.  It  is  necessary  in  the  course  of 
measuring  a  current  to  slip  the  weight  along  the  scale  until  the 
balance  again  rests  in  its  sighted  position.  The  strength  of  the 
current  can  then  be  read  off  directly  from  the  fixed  or  inspectional 
scale  s.  Each  number  on  that  scale  is  a  figure  which  is  twice 
the  square  root  of  the  corresponding  number  on  the  fine  scale 
of  equal  divisions.  This  scale  shows  approximately  the  current 
strength :  that  is  to  say,  within  a  small  fraction  of  the  exact  value, 
but  when  extreme  accuracy  is  required,  the  reading  on  the  fine 
divided  scale  r  must  be  taken  and  the  exact  value  of  such  reading 
found  by  reference  to  the  table  of  '  double  square  roots '  supplied 
with  the  instmment. 

The  slipping  of  the  weight  into  its  proper  position  is  performed 
by  means  of  a  self-releasing  pendant  p,  hanging  from  a  hook 
carried  by  a  sliding  platform,  which  is  pulled  in  the  one  or  other 
of  the  two  directions  by  means  of  two  silk  threads  which  pass 
through  holes  to  the  outside  of  the  glass  case. 

As  we  have  already  said,  four  pairs  of  weights  are  supplied 
with  each  instrument.  These  weights  are  adjusted  in  the  ratios 
of  i,  4,  1 6,  and  64,  so  that  each  pair  gives  a  round  number  of 
amperes,  or  half-amperes,  or  quarter-amperes,  or  of  decimal  sub- 
divisions of  these  magnitudes  of  current  on  the  inspectional 
scale  s. 

The  balance,  as  it  contains  no  iron,  is  suited  for  the  measure- 
ment of  cither  direct  or  alternating  currents. 
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The  instruments  for  measuring  the  smaller  currents  have  of 
necessity  considerable  resistance,  and  for  that  reason,  if  for  no 
other,  they  are  unsuitable  for  use  as  ordinary  ammeters.  But  as 
they  are  usually  employed  in  series  with  an  ammeter  for  the 
purpose  of  calibration,  this  high  resistance  is  a  matter  of  little 
moment 

Some  skill  is  required  to  use  these  balances  effectively,  but  a 
good  method  of  quickly  calibrating  an  ammeter  is  to  first  set  the 
balance  weight  in  a  position  corresponding  to  a  definite  current, 
and  then  adjust  the  resistance  in  circuit  until  the  balance  indicates 
that  that  exact  current  strength  has  been  obtained.  The  position 
of  the  ammeter  needle  for  this  current  can  then  be  noted  and  other 
readings  can  be  obtained  in  a  similar  manner. 

Coming  now  to  the  question  of  direct  reading  ammeters,  they 
may  generally  be  divided  into  two  classes,  (a)  those  in  which  a 
piece  of  soft  iron  is  so  supported  in  a  coil  of  wire  that  in  the 
passage  of  a  current  through  the  coil  the  iron  will  be  attracted 
into  a  more  powerful  part  of  the  field,  and  (b)  those  in  which  a 
coil  of  wire  is  so  placed  in  a  powerful  field  that  when  a  current 
passes  through  the  coil  it  will  be  deflected  or  rotated,  so  that  the 
field  set  up  by  the  coil  shall  be  able  to  coincide  more  or  less  closely 
with  the  permanent  field.  The  former  class  is  known  as  moving 
iron  instruments,  and  the  latter  as  moving  coil  instruments. 

Dealing  first  with  the  principle  involved  in  the  construction  of 
the  moving  iron  ammeter,  it  is  important  to  observe  that  if  a  mag- 
netic field  is  not  uniform,  a  piece  of  soft  iron,  if  placed  in  a  com- 
paratively weak  part  of  the  field,  will  be  urged  toward  the  strongest 
part,  and  the  extent  of  the  movement  will  depend  upon  (a)  the 
strength  of  the  field ;  (t)  the  mass,  shape,  and  position  of  the  iron ; 
and  {c)  the  friction  or  other  restraining  means  provided  to  resist  the 
effort  of  the  field,  and  to  restore  the  iron  to  its  original  position  on 
the  cessation  of  the  current.  One  such  arrangement  is  illustrated 
in  fig.  69,  which  consists  of  an  iron  rod,  m,  supported  by  a  spring 
placed  with  its  lower  end  just  inside  the  helix  of  wire  h  h.  If  a 
current  be  circulated  in  the  helix  a  magnetic  field  will  be  set  up 
which  will  extend  sufficiently  beyond  the  end  of  the  helix  to 
partially  magnetise  the  iron  rod  and  convert  it  into  a  temporary 
magnet,  and  as  a  consequence  it  will  be  sucked  down  into  the 
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helix,  and  if  the  magnetic  field  be  sufficiently  strong  the  action 
will  result  in  the  spring  being  extended  sufficiently  to  allow  the 
iron  to  be  sucked  down  until  the  middle  of  the  iron  reaches  the 
middle  of  the  helix,  in  which  position  it  will  be  in  the  strongest 
part  of  the  field.  The  extent  of  the  sucking  down  will,  with  any 
given  piece  of  apparatus,  be  proportional  to  the  product  of  the 
strength  of  the  field  and  the  strength  of  the  temporary  magnetisa- 
tion set  up  in  the  iron  by  that  field.  The  strength  of  the  magnetic 
field  is  proportional  to  the 
P|G'  *»  strength  of  the  current  flow- 

ing through  the  helix,  and 
the  strength  of  the  tem- 
porary magnet  varies  in  any 
particular  position  with  the 
strength  of  the  field,  but 
being  only  a  mass  of  soft 
iron  depending  for  its  mag- 
netisation upon  the  field  set 
up  by  the  current,  the  extent 
of  its  magnetisation  is  not 
definable  by  a  regular  law. 
The  readings  of  the  instru- 
ment as  determined  by  the 
extent  to  which  the  iron 
is  drawn  into  the  helix  will 
not  therefore  be  propor- 
tional to  the  strength  of 
the  current  flowing  through 
the  helix,  unless  by  some 
means  the  strength  of  the  temporary  magnet  can  be  kept  constant. 
Experiment  shows,  however,  that,  although  the  magnetic  lines  of 
force  pass  readily  through  a  piece  of  iron  when  there  are  very  few 
lines  already  there,  yet,  when  a  great  many  are  present,  any  further 
addition  to  their  number  becomes  extremely  difficult.  When  in 
this  latter  condition  the  iron  is  said  to  be  'saturated.'  Apiece 
of  very  thin  soft  iron  tubing  becomes  saturated  even  in  a  weak 
field — that  is,  in  a  field  traversed  by  but  few  lines  of  force ;  so 
that  beyond  a  certain  stage,  although  the  strength  of  the  field 
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may  be  increased,  the  number  of  lines  of  force  passing  through 
the  iron  tubing — that  is,  its  strength  considered  as  a  magnet — 
remains  practically  the  same.  Therefore,  if  we  use  a  very  thin 
tube  of  soft  iron,  the  force  with  which  it  is  sucked  into  the  helix 
will,  for  all  fields  above  a  certain  strength,  depend  simply  upon 
the  strength  of  the  field  and  will  be  proportional  thereto,  and  con- 
sequently also  proportional  to  the  strength  of  the  current  pro- 
ducing the  field. 

Except  for  weak  currents,  then,  we  may  estimate  the  strength 
of  a  current  by  measuring  the  pull  on  such  a  thin  tube  of  iron 
placed  partly  inside  a  helix.     It  must  not,  however,  be  placed 
exactly  in  the  middle  of  the  length  of  the  coil,  as  that, 
being  as  we  have  already  indicated  the  strongest  part 
of  the  field,  is  the  position  of  rest  for  the  iron. 

Many  instruments  have  been   designed  on  this 
principle,    ingenuity  being   chiefly   exercised  in   the         Ij 
method  of  measuring  the  pull  or  attractive  force  upon         HI 
the  piece  of  iron  and  in  the  device  for  restoring  the 
iron  and  likewise  the  indicating   needle  to  zero  on 
the  cessation   of  the   current.      In   an   instrument 
devised  by  Professors  Ayrton  and  Perry,  but  which 
has  in  recent  times  been  superseded,  the  method  was 
very  ingenious.     It  depended  upon  a  peculiar  property 
possessed  by  a  flat  spiral  spring  shaped  like  a  curled - 
up  shaving,  as  illustrated  in  fig.  70.     If  such  a  spring 
be  stretched  while  one  end  of  it  is  fixed,  the  other  end 
will  rotate,  and  the  angle  of  rotation  will  be  exactly 
proportional  to  the  amount  of  stretching,  the  angle  being  con 
siderable  even  for  a  small  extension  of  the  spring. 

A  spring  of  this  kind  was  placed  in  a  thin  iron  tube  and 
attached  to  it  at  the  lower  end.  The  upper  or  free  end  of  the 
spring  was  rigidly  fixed,  so  as  to  be  incapable  of  rotating,  while 
the  tube  was  free  to  rotate,  but  was  prevented  from  moving 
laterally.  Therefore,  when  the  tube  which  extended  some  dis- 
tance into  the  coil  was  sucked  down,  the  lower  end  of  the  spring 
rotated,  carrying  with  it  the  tube.  The  upper  end  of  the  tube 
which  projected  out  of  the  coil  for  a  short  distance  carried  at, 
pointer  which  moved  over  a  graduated  scale  and  so  indicated  the 
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angle  of  rotation,  the  usual  horizontal  mirror  being  provided  to 
avoid  errors  due  to  parallax.  The  scale  could,  of  course,  be 
divided,  so  as  to  represent  amperes  or  fractions  of  an  ampere, 
but  as  iron  does  not  become  saturated  until  the  current  has  attained 
a  certain  strength,  the  first  portion  of  the  scale  was  never  used,  and 
was  in  fact  not  graduated.  It  is  clear  that  if  the  iron  tube  moved 
through  any  considerable  distance  so  as  to  get  into  a  relatively 
more  powerful  part  of  the  field,  the  readings  would  not  be  pro- 
portional; but  it  will  be  remembered  that  the  peculiarity  of  the 

spring  is  that  the  angle  of  rotation  is  great 
for  a  very  small  elongation  :  consequently 
the  pointer  traversed  the  whole  range 
without  the  distance  through  which  the 
iron  moved  being  sufficient  to  cause  in- 
accuracy. This  was  one  of  the  earliest 
ammeters  designed  for  practical  work,  but 
it  had  among  other  disadvantages  that  of 
having  a  horizontal  scale,  so  that  it  had 
to  be  fixed  on  a  table  or  bracket  at  a. 
convenient  height  for  reading  purposes. 

An  instrument  with  a  vertical  scale  is 
far  more  convenient,  since  the  movements 
of  the  pointer  can  be  seen  at  a  distance. 
A  number  of  such  instruments  have  from 
time  to  time  been  constructed  which 
depend  upon  the  power  of  a  coil,  arranged 
with  its  axis  in  a  horizontal  direction,  to 
raise  a  more  or  less  weighty  piece  of  iron 
against  the  force  of  gravity.  They  all  require  to  be  calibrated, 
but  under  the  circumstances  that  is  not  a  serious  objection, 
providing  that  the  calibration  is  correctly  performed  and  that 
the  value  of  the  various  readings  remains  fairly  constant  for  a 
considerable  time. 

A  view  of  the  moving  portion  of  one  of  these  instruments  is 
given  in  fig.  71.  A  light  steel  arbor  or  spindle  is  pivoted  so  as  to 
lie  parallel  to,  and  a  little  to  the  left  of,  the  axis  of  the  coil.  It 
has  attached  to  it  a  thin  curved  plate  of  soft  iron  shaped  as 
shown  in  the  figure.     This  piece  of  iron  is  nearly  equal  in  length 
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to  the  arbor,  and  extends  through  the  length  of  the  solenoid,  A 
light  aluminium  pointer  is  also  fixed  to  the  arbor  at  right  angles, 
and  the  movable  parts  are  so  weighted  that,  in  the  absence  of 
a  current, .  the  pointer  is  held  in  the  zero  position  by  the  force 
of  gravity. 

A  current  passing  through  the  coil  in  endeavouring  to  rotate 
the  curved  piece  into  the  centre  or  densest  part  of  the  magnetic 
field  raises  it  against  the  force  of  gravity  through  a  distance 
depending  upon  the  strength  of  the  current.  The  index  or 
pointer  attached  to  the  arbor  travels,  therefore,  over  the  scale 
which  is  placed  behind  it,  and  thus  indicates  the  strength  of 
the  current  passing  through  the  instrument.  A  small  piece  of 
copper  wire  is  attached  to  the  upper  side  of  the  arbor,  and 
has  to  be  carefully  and  skilfully  adjusted  in  order  that  a  uniform 
scale  may  be  provided.  The  gross  weight  of  the  moving  part 
is  but  ■£$  of  an  ounce ;  the  amount  of  friction  is  therefore  very 
slight  The  instrument  was  at  one  time  very  popular,  but  has 
dropped  out  of  general  use,  and  is  only  referred  to  as  illustrat- 
ing the  process  of  development  in  the  construction  of  measuring 
instruments. 

As  an  illustration  of  present  day  practice  we  may  describe 
the  '  Electric  Gauge,'  designed  by  Mr.  S.  F.  Evershed.  It  is 
the  descendant  of  the  so-called  *  Gravity '  ammeter,  and  is  an 
excellent  piece  of  apparatus  for  ordinary  work  where  extreme 
accuracy  is  not  required.  As  there  is  in  this,  as  in  other  moving- 
iron  ammeters,  no  permanent  magnet  employed,  the  mains  may  be 
joined  up  indiscriminately  :  that  is  to  say,  the  current  rt&y  travel 
through  the  coil  in  either  direction,  because  the  only  field  set  up 
is  the  one  due  to  the  current,  and  the  iron  is  only  energised  by 
that  field.  As  a  consequence  the  pointer  moves  in  the  same 
direction,  for  a  continuous  current  in  either  direction.  Of  course 
there  would  be  a  risk  of  error  due  to  the  retentivity  of  the  moving 
iron  were  it  not  that  it  is  very  thin  and  very  soft,  so  that  its 
magnetisation  can  be  readily  and  completely  reversed.  The 
instrument  can  even  be  adapted  for  the  measurement  of  alter- 
nating currents. 

The  magnetising  coil  is  placed  with  its  axis  horizontally,  so 
that  the  dial  over  which  the  needle  or  pointer  travels  is  vertical. 

k  2 


132  Electrical  Engineering  ch*p.  n 

That  part  of  the  instrument  which  is  placed  within  the  coil  is 
frequently  called  a  '  plug,'  and  is  of  exactly  the  same  constniction 
for  ammeters  and  volt-meters  of  all  sizes,  whether  for  alternating 
or  direct  currents.  Fig.  72  illustrates  this  important  part  of  these 
instruments.  A  horizontal  brass  spindle  is  pivoted  in  the  ends  of 
two  set  screws,  one  of  which  passes  through  » 

the  small  brass  angle-piece  fixed  on  the  face  I 

of  the  disc,   the  other  passing  through  the  I 

rear  end  of  the  brass  tube,  whose  front  end 
is  also  rigidly  fixed  to  the  brass  disc  This 
brass  tube  is  partly  cut  away  through  almost 
its  entire  length,  the  object  being  to  prevent 
the  production  of  '  eddy '  currents  (se 
Chapter  VII.)  in   the  tube  when  alternatin 


currents  pass  through  the  coil,  and  a  small  curved  iron  '  needle ' 
which  is  carried  by  the  spindle  can  be  seen  through  the  opening. 

A  peculiarly  shaped  piece  of  sheet  iron  embraces  the  fixed 
brass  tube,  to  which  it  fits,  friction-tight ;  it  is  cut  away,  as  shown 
on  the  side  visible  in  fig.  72,  but  is  continuous  on  the  side  which 
is  hidden  from  view.  The  top  of  the  pointer  moves  from  left  to 
right  over  a  scale  when  deflected  from  aero,  and  in  the  position 
shown  in  the  figure  it  is  deflected  through  about  half  its  entire 
range.  The  action  is  not  difficult  to  understand  :  when  a  current 
passes  through  the  coil  which  envelops  the  plug,  a  field  of  force 
is  set  up  in  which  the  lines  are  parallel  with  the  plug,  and  as  many 
of  them  as  possible  endeavour  to  pass  through  the  iron.     Now  in 
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order  that  the  maximum  number  of  lines  of  force  shall  have  an 
iron  path  for  the  greatest  distance,  it  is  necessary  that  the  inner 
curved  piece  of  iron  shall  be  rotated  into  a  position  where  it  will 
form,  in  conjunction  with  the  outer  or  fixed  iron,  the  nearest  approxi- 
mation to  a  complete  cylinder.  The  maximum  deflection  of  the 
pointer  which  is  carried  by  the  spindle  to  which  the  inner  piece  of 
iron  is  attached  is  consequently  obtained  when  the  magnetic  circuit 
formed  by  the  two  pieces  becomes  as  good  as  possible.  A  section 
at  right  angles  to  the  spindle  through  the  middle  of  the  outer  sleeve 
is  given  separately  at  a.  The  outer  iron  sleeve  there  shows  as  if 
it  were  a  complete  cylinder,  broken  only  at  the  joint,  but  it  will, 
of  course,  be  gathered  from  the  perspective  view  that  nearer  the 
ends  of  the  sleeve  its  section  would  be  only  a  part  of  a  circle. 
The  section  also  shows  the  manner  in  which  the  small  semi- 
cylinder  of  iron  is  attached  to  the  spindle. 

The  pointer  is  made  of  aluminium,  and,  as  shown  in  the  figure 
it  has  a  small  weight  attached  to  it  to  urge  it  towards  zero  on  the 
cessation  of  the  current.  In  fact,  the  lifting  of  this  weight  is  part  of 
the  work  which  the  current  has  to  do  in  deflecting  the  pointer.  It 
moves  in  front  of  an  engraved  brass-scale  plate,  which,  when  used 
for  alternating  work,  is  split  from  the  hole  through  which  the  spindle 
passes,  down  to  the  circumference  at  the  bottom  of  the  plate,  in 
order  to  prevent  eddy  currents  being  set  up  in  the  plate. 

The  curvature  of  the  outer  iron  sheet  can  be  varied,  so  that  the 
piece  with  which  the  inner  sheet  can  be  attracted  can  also  be 
varied  correspondingly.  This  enables  the  scale  to  be  made  to 
suit  the  work  for  which  the  ammeter  or  gauge  is  intended :  for 
instance,  an  instrument  whose  range  is  from,  say,  10  to  200  amperes 
may  be  required  on  a  circuit  where  the  working  current  should 
never  rise  above  130  nor  fall  below  90  amperes,  and  in  such  a 
case  it  might  be  necessary  to  measure  accurately  the  value  of  the 
current  between  those  limits,  while  the  upper  and  lower  parts 
of  the  scale  would  simply  be  used  to  indicate  with  certainty  the 
fact  of  the  current  being  either  considerably  too  high  or  too  low. 
In  such  an  ammeter  the  outer  iron  sheet  would  be  so  shaped  that 
a  given  increase  in  the  current  strength  would  move  the  inner 
sheet  through  a  much  greater  distance  when  near  the  middle  of 
its  path  than  a  similar  increase  would  move  it  when  it  is  near 
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either  the  zero  position  or  the  extreme  end  of  its  journey.  Con- 
sequently we  should  obtain  a  scale  'open*  in  the  centre  and 
closed  at  the  ends  :  that  is  to  say,  with  much  larger  divisions 
on  the  part  of  the  scale  where  the  most  accurate  measurements 
are  required  to  be  made.  The  scale  could,  of  course,  if  required, 
be  made  open  at  the  ends  and  closed  in  the  middle,  or,  in  fact, 
varied  at  any  part  to  suit  special  requirements. 

There  is  one  possible  source  of  error  with  instruments  of  this 
description  due  to  the  retentivity  of  the  iron,  but  by  exercising 
great  care  in  the  selection  and  treatment  of  the  metal  the  error 
can  be  practically  eliminated.  The  iron,  in  fact,  is  not  touched  by 
a  tool  after  it  has  been  annealed,  the  film  of  oxide  formed  during 
that  operation  being  simply  dissolved  by  immersion  in  an  acid 
solution. 

The  coil  of  the  instrument  is  partly  enclosed  in  a  casing  of 
soft  iron  in  order  to  shield  it  from  external  magnetic  disturbances, 
thus  rendering  the  disposition  of  the  leads  connected  to  the 
terminals  a  less  important  matter  than  would  otherwise  be  the 
case. 

Although  it  is  not  so  easy  to  measure  accurately  a  current 
of  several  hundred  amperes  as  it  is  to  measure  a  few  amperes  or 
a  fraction  of  an  ampere,  all  these  ammeters  are  calibrated  by 
having  their  full  current  passed  through  them,  and  its  effect,  as 
indicated  by  the  pointer,  carefully  observed.  The  required 
current  strength  is  obtained  by  means  of  secondary  batteries 
which  are  charged  in  series  and  joined  up  in  parallel,  a  definite 
fraction  only  of  the  whole  current  being  measured  by  the  stand- 
ardising instrument.  For  example,  if  it  is  desired  to  calibrate  an 
ammeter  which  is  intended  to  measure  currents  ranging  in  strength 
from  50  to  400  amperes,  it  is  joined  in  series  with  the  secondary 
battery  and  a  set  of  100  rather  stout  iron  wire  resistances,  these 
wires  being  all  joined  up  in  parallel  and  placed  so  as  to  have 
equal  facilities  for  cooling.  A  standard  ammeter  is  joined  up  in 
circuit  with  one  of  these  iron  wire  resistances,  and  a  length  of 
iron  wire  equal  in  resistance  to  the  standard  instument  is  removed, 
so  that  this  composite  branch  formed  of  a  length  of  iron  wire  and 
the  ammeter  is  equal  in  resistance  to  each  of  the  other  99  branches 
consisting  only  of  iron  wire.     The  main  current  divides  equally 
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among  the  100  branches,  and  the  standard  ammeter  accurately 
measures  one-hundredth  of  it,  so  that  for  a  maximum  current  of 
400  amperes  it  is  necessary  to  measure  only  4  amperes — a  com- 
paratively easy  matter. 

A  still  simpler  and  therefore  cheaper  form  of  Evershed  Gauge 
is  illustrated  in  fig.  73,  in  which  the  cover  and  scale  plate  have 
been  removed  in  order  to  make  the  working  parts  clearer.  The 
coil  is  clearly  shown,  and  inside  this  there  is  a  flat  disc  of  very 
soft  iron  which  is  mounted  eccentrically  on  a  horizontal  spindle. 
This  spindle  carries  a  pointer  which  moves  over  the  scale  and 
indicates  the  extent  to 
which  the  eccentric 
disc  has  been  raised 
against  the  force  of 
gravity  by  the  current 
circulating  in  the  coil. 
This  portion  of  the  de- 
sign calls  for  no  further 
comment  if  the  student 
has  properly  grasped  | 
alt  that  has  so  far  been 
said,  but  there  is  a  fur- 
ther refinement  which 
merits  notice.  Moun- 
ted on  the  same  spindle 
as  the  pointer  and  the 
disc  is  a  very  light  arm 
which  carries  an  ex- 
ceedingly thin  aluminium  rectangular  vane  (corrugated  diagonally 
to  impart  rigidity).  This  vane  works  in  a  curved  brass  box  of 
rectangular  cross-section  just  a  trifle  larger  than  the  vane,  so 
that  the  vane  can  move  in  it  without  any  risk  of  touching 
the  sides  of  the  box.  It  should  be  evident  that  as  the  vane 
is  moved  the  air  must  squeeze  through  between  it  and  the 
sides  of  the  box.  This  is  a  device  which  provides  very  good 
'  damping '  effects — that  is  to  say,  the  pointer  is  prevented  from 
oscillating  about  the  point  to  which  it  should  be  deflected  by  a 
given   current  and  very  speedily  comes  to  rest  in  the  position 
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corresponding  to  any  particular  current.     In  other  words,  it  makes 
the  instrument  '  dead-beat.' 

As  an  ammeter  has  to  measure  the  strength  of  the  current 
passing  through  a  circuit,  it  must  be  so  joined  up  that  either  the 
whole  of  the  current  shall  pass  through  it  and  be  indicated,  or 
only  a  definite  and  pre-determined  proportion  of  the  current  shall 
pass  through  the  magnetising  coil  and  a  corresponding  multiplier 
used  in  marking  the  scale  of  the  instrument.     In  the  former  case, 
thick  wire  must  be  employed,  otherwise  the  instrument  itself  will 
introduce  so  much  resistance  that  its  insertion  in  the  circuit  will 
reduce  the  strength  of  the  current     The  power,  that  is  the  product 
of  e  x  c,  absorbed  by  an  ammeter  should  be  only  a  very  few 
watts,   whence   it  follows   that  if  we  wish   to   measure  a  very 
heavy  current  the  electro-motive  force  absorbed  must  be  only  a 
small  fraction  of  a  volt,  and  the  resistance  must  be  correspondingly 
small.     There  is,  however,  another  way  of  viewing  the  matter. 
It  has  already  been  shown  that  the  electro-magnetic  effect  of  a 
solenoid  is  proportional  to  the  current  in  amperes  multiplied  by  the 
number  of  convolutions,  or,  to  put  it  shortly,  the  ampere- turns. 
If  a  certain  instrument  requires  750  ampere-turns  in  order  to  give 
a  desired  reading,  and  if  the  current  is  1  ampere,  the  coil  must 
have  750  turns :  if  the  current  is  10  amperes,  the  coil  must  have 
75  turns ;  if  the  current  is  1,000  amperes,  the  coil  must  have  only 
three-quarters  of  a  turn,  and  would  consist  simply  of  a  massive 
copper  cylinder  divided  on  one  side,  say,  by  a  radial  saw  cut,  the 
connecting  bars  to  convey  the  current  to  and  from  the  instrument 
being  cast  with  the  cylinder  and  in  such  positions  that  the  current 
only  travels  round  the  plug  for  three-quarters  of  a  convolution. 
Such  instruments  are,  however,  inconvenient  in  a  variety  of  ways, 
and  the  introduction  of  the  '  moving  coil '  instruments  led  to  a 
small  revolution  in  the  construction  of  ammeters  generally.     The 
practice  with  such  instruments  is  to  allow  only  a  portion  of  the 
current  to  pass  through  the  coil  of  the  ammeter,  which  has  a 
comparatively    high  resistance,   and  to    join    a    low  resistance 
shunt  across  the  terminals  of  the  instrument.     The  result  is  that 
an  ammeter  of  any  particular  make  can  be  constructed  with  the 
same  type  of  coil  for  currents  of  any  strength,  and  the  range  of 
current  which  the  instrument  is  to  measure  can  be  adjusted  by 
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introducing  a  shunt  of  suitable  resistance.  In  other  words, 
instead  of  varying  the  number  of  convolutions  in  the  coil,  that 
number  remains  constant,  and  the  proportion  of  the  current  which 
passes  through  it  is  varied.  If,  for  example,  an  ammeter  is 
provided  with  such  a  shunt  that  it  can  measure  currents  up  to  ten 
amperes,  the  same  instrument  can  measure  up  to  100  amperes,  by 
a  corresponding  reduction  in  the  resistance  of  the  shunt  These 
shunts  will  be  more  particularly  described  in  the  following  pages 
when  dealing  with  moving-coil  ammeters. 

As  there  is  no  permanent  magnetic  field  in  a  moving  iron 
gauge  or  ammeter,  such  instruments  can  be  adapted  for  measuring 
alternating  as  well  as  direct  or  continuous  currents.  In  the 
former  case,  however,  the  general  tendency  is  for  the  readings  to 
be  lower  than  the  correct  value  if  the  instrument  is  calibrated  to 
be  correct  for  direct  currents,  chiefly  on  account  of  the  '  eddy ' 
currents  which  are  set  up  in  the  framework  and  metal  parts  in  the 
vicinity  of  the  coil.  For  instance,  it  is  found  that  some  ammeters 
of  the  type  under  consideration  indicate  about  2  per  cent,  lower 
than  the  true  value  of  such  an  alternating  current.  This  error  is 
corrected  by  permanently  shunting  the  ammeter  coil  by  a  smaller 
coil  of  copper  wire  which  is  overwound  with  thin  iron  wire  in 
order  to  raise  its  self-induction  to  the  desired  value.  The  re- 
sistance of  this  subsidiary  coil  is  such  that  it  takes  5  per  cent,  of 
the  total  current  when  the  current  is  a  continuous  one,  and  of 
course  the  ammeter  is  calibrated  accordingly  to  indicate  the 
value  of  the  total  current.  When  the  instrument  is  used  to 
measure  alternating  currents,  the  shunt  coil  takes  less  than  5  per 
cent  of  the  total  current  because  its  self-induction  is  greater  in 
proportion  to  that  of  the  main  coil  than  is  its  resistance ;  and  the 
value  given  to  the  self-induction  of  the  shunt  coil  by  overwinding 
it  with  iron  wire  as  mentioned  above,  is  just  enough  to  reduce  its 
shunting  power  sufficiently  to  annul  the  error  of  2  per  cent  low 
reading  which  would  otherwise  exist. 

We  come  now  to  a  consideration  of  the  more  recent  and 
certainly  better  class  of  direct  reading  ammeters — viz.  that  which 
has  already  been  referred  to  as  the  *  moving  coils '  instruments. 
They  are  one  and  all  based  on  the  principle  which  is  adopted  in 
the  construction  of  the  D'Arsonval  galvanometer.     In  this  case 
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there  is  a  powerful  permanent  magnet — frequently  in  the  form  of 
a  so-called  compound  magnet,  consisting  of  a  number  of  compara- 
tively thin  magnets  fixed  together  with  their  similar  poles  adjacent. 
The  magnet  is  of  the  horseshoe  type,  and  the  two  dissimilar  poles 
are  brought  fairly  close  to  one  another.  Between  them,  however,  is 
usually  fixed  a  cylindrical  piece  of  soft  iron,  the  poles  of  the  magnets 
being  bored  out,  so  that  there  is  a  small  space  between  these  poles 
and  the  iron  cylinder  in  which  the  coil  can  rotate.  Fig.  74  will  serve 
to  illustrate  the  arrangement  where  N  a  s  represents  the  magnet 
or  magnets  and  u  the  soft  iron  cylinder.  The  narrow  spaces 
between  the  magnet  poles  and  the  cylinder  will  be  in  such  cir- 
cumstances occupied  by  a  very  strong  and  uniform  magnetic 
field.  If  the  spaces  are 
small  and  the  magnets  are 
even  only  fairly  strong  the 
conditions  will  be  such 
that  external  magnetic 
fields  will  have  little  or 
no  effect :  that  is  to  say, 
the  strength  of  the  field 
between  the  magnet  poles 
and  the  iron  cylinder  will 
be  unaffected  by  the 
earth's  magnetism  or  by 
the  proximity  of  other 
magnetic  fields.  As  a  consequence  the  combination  may  be 
used  in  the  presence  of  powerful  dynamo  machines  of  modem 
construction.  The  '  coil '  cd  is  usually  rectangular  in  shape 
and  embraces,  without  touching,  the  cylindrical  piece  of  iron. 
It  is  in  the  type  of  instrument  illustrated  in  fig.  74,  suspended 
by  wires,  w,  which  also  serve  to  convey  the  current  to  the 
coil,  but,  as  will  be  seen  later,  other  means  of  support  for  the 
movable  coil  have  been  devised  in  the  construction  of  ammeters 
&c.  When  the  current  passes  through  the  coil  cd  an  electro- 
magnetic field  is  set  up  by  that  coil,  and  if  the  coil  happens  to  be 
in  the  plane  of  the  lines  of  force,  as  it  would  be  if  it  occupied  the 
diameter  connecting  the  middle  portions  of  the  two  magnet  poles, 
then  the  fields  due  to  the  magnet  and   to  the  coil  respectively 
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would  be  at  right  angles  with  each  other ;  whence  the  coil 
would  be  rotated  until,  if  the  force  be  sufficient,  the  lines  of 
force  of  the  two  fields  would  be  coincident  in  direction.  This 
is  approximately  the  position  indicated  in  the  figure,  but  in 
ordinary  practice  the  instruments  are  not  constructed  or  arranged 
so  that  the  current  is  sufficient  to  rotate  the  coil  to  such 
an  extent  In  designing  an  instrument  on  these  principles, 
it  is  evident  that  unless  a  very  large  consumption  of  power 
in  the  instrument  itself  is  to  be  permitted,  the  moving  coil 
must  be  very  light.  It  must,  therefore,  consist  of  only  a  few 
turns  of  very  fine  wire,  and  will  consequently  offer  considerable 
resistance  and  will  be  incapable  of  transmitting  a  heavy  current. 
Such  an  instrument  could  not,  for  the  reasons  already  given,  be 
joined  up  in  a  circuit  so  that  the  whole  current  to  be  measured 
would  pass  through  it,  but  the  method  referred  to  on  page  136  of 
joining  a  low  resistance  in  parallel  with  the  instrument  can  be 
readily  applied.  Fig.  75  represents  the  arrangement,  where  m  m 
represent  portions  of  the  main 
conductor  carrying  the  full  cur-  IG"  75 

rent,  and  at  some  convenient 
point  in  this  circuit  a  low  re- 
sistance s  is  interposed.  The 
ammeter  a  is  connected  by 
comparatively  thin  wires  to  the 

extremities  of  this  resistance  s, ^ 

and  consequently  the  current 

flowing  through  the  ammeter  at  any  moment  depends  upon 
the  difference  of  potential  at  the  extremities  of  s,  which  dif- 
ference is  directly  proportional  to  the  strength  of  current 
flowing  in  the  main  circuit  provided  the  resistance  of  s  remains 
unaltered.  The  resistance  s  is  generally  called  the  '  shunt ' ;  it 
will  be  seen  that  it  acts  as  a  shunt  to  the  ammeter,  and  carries 
the  full  main  current  less  the  small  portion  passing  through  the 
instrument.  It  is  evident  that  the  shunt  must  be  of  sufficient 
cross-section  to  carry  the  full  current  strength  without  undue 
heating,  otherwise  its  resistance  would  rise  with  an  increase  in 
temperature  and  the  ammeter  would  indicate  a  stronger  current 
than  that  actually  flowing. 
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range  of  the  coil,  the  distance  through  which  the  coil  moves  on 
any  occasion  will  be  proportional  to  the  current  strength,  and 


^*^ 


hence  the  divisions  of  the  scale  are  uniform.    The  needle  is  very 
accurately  balanced,  and  all  parts  of  the  instrument  are  made  to 


gauge,  so  that  they  are  interchangeable.     One  of  the  shunts  is 
illustrated  in  fig.  78.     It  consists  of  a  number  of  strips  of  platinoid 
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or  other  suitable  alloy,  the  ends  of  the  strips  being  soldered  into 
saw-cuts  in  the  sides  of  two  massive  copper  blocks  mounted  on 
a  wooden  base.  The  strips  are  bare  and  separated  from  each 
other  by  a  small  air-space,  and  the  shunt  should  be  fixed 
on  a  switch  board  or  in  any  other  convenient  position  in  such 
a  way  as  to  facilitate  the  passage  of  air  currents  through  the 
strips. 

The  construction  of  the  shunt  is  therefore  such  that  any  heat 
which  will  be  generated  is  rapidly  dissipated  by  radiation  and 
convection,  and  by  making  the  strips  of  an  alloy  which  has  a  very 
low  temperature  coefficient  a  shunt  is  obtained  which  offers  a 
practically  constant  resistance,  although  at  different  times  it  may 
be  carrying  currents  differing  considerably  in  strength.  It  is 
important  to  ensure  perfect  electrical  connection  between  the 
shunt  and  the  main  conductor,  and  also  between  the  shunt  and 
the  ammeter  leads ;  any  resistance  due  to  a  bad  contact  would  in 
the  former  case  cause  the  ammeter  to  read  too  high  on  account  of 
the  development  of  heat  at  the  faulty  contact  and  the  consequent 
heating  of  the  shunt,  while  in  the  latter  case  the  added  resistance 
would  cause  the  ammeter  to  read  too  low. 

The  mains  should  be  securely  clamped  under  the  two  pairs  of 
bolts  which  are  provided  with  each  shunt.  The  ammeter  leads 
are  permanently  connected  to  the  solid  blocks.  The  necessary 
variation  in  the  resistance  of  the  shunt  for  instruments  of  different 
ranges  is  effected  by  varying  the  width  and  number  of  the  strips. 
The  resistance  of  every  shunt  is  such  that  the  difference  of 
potential  between  the  points  at  which  the  ammeter  is  connected 
will  be  about  006  volt  when  the  shunt  is  carrying  the  maximum 
current  which  the  ammeter  will  indicate,  and  every  ammeter  is 
calibrated  while  joined  up  to  its  particular  shunt,  and  it  must,  of 
course,  subsequently  be  used  with  this  shunt  and  no  other. 

In  some  instances,  where  the  maximum  current  to  be  measured 
is  small,  the  shunt  is  fixed  in  the  same  case  as  the  instrument. 
When  the  shunt  is  separate,  the  instrument  itself  can  be  fixed  in 
any  convenient  position  at  any  distance  from  the  shunt ;  but  it 
must  be  calibrated  with  these  same  leads  connected,  and  they 
must  not  be  subsequently  shortened  or  lengthened  without  a 
re-calibration.    The  distinct  advantage  which  frequently  accrues 
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on  account  of  it  being  unnecessary  to  carry  the  main  leads  direct 
to  the  ammeter  can  no  doubt  be  appreciated. 

The  instrument  owes  its  very  convenient  properly  of  dead- 
beatness  to  two  causes :  first,  the  moving  parts  are  very  light,  and 
hence  the  motion  can  readily  be  arrested;  secondly,  the  copper 
frame  upon  which  the  coil  is  wound  forms  a  complete  electrical 
circuit  of  very  low  resistance  in  which  relatively  powerful  currents 


are  induced  by  the  movement  of  the  coil  in  the  strong  field,  and 
these  currents,  as  the  student  will  learn  from  subsequent  chapters, 
are  always  in  the  proper  direction  to  react  upon  the  field  so  as  to 
tend  to  stop  the  motion  of  the  coil,  a  powerful  damping  effect 
being  thus  produced  with  every  movement.  In  some  instances 
the  frames  are  made  of  aluminium,  which  is  lighter  than  copper, 
and  which  gives  a  sufficiently  good  damping  effect,  although  its 
electrical  resistance  for  the  same  cross-section  is  higher. 
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The  Evershed  moving  coil  ammeter  is  based  on  the  same 
general  principles  as  the  Weston,  but  the  coil,  instead  of  being 
pivoted,  is  suspended.  The  coil  and  the  remainder  of  the  moving 
parts  are  illustrated  in  fig.  79.  It  will  be  noticed  that  the  coil 
is  so  constructed  that  it  does  not  pass  under  the  iron  cylinder,  the 
lower  portions  of  the  wire  being  bent  into  two  semi-circular  curve's 
so  as  to  embrace  the  cylindrical  core. 
There  is  therefore  only  one  spring  f,G-  *■ 

against  which  the  current  has  to  act 
in  deflecting  the  coil,  and  connection 
between  the  coil  and  the  external 
circuit  is  effected  by  means  of  two 
very  loose  spirals  of  light  and  spring- 
less  metal. 

The  recording  ammeter  is  a  class 
of  instrument  which  deserves  some 
notice.  As  the  name  implies,  such 
an  instrument  is  used  for  measuring 
the  current,  and  at  the  same  time 
registering  that  current.  This  is 
done  by  substituting  for  the  ordinary 
pointer  a  long  light  arm  which  carries 
an  inking  pen,  so  that  as  the  current 
deflects  the  arm  its  movement  is 
registered  on  scaled  paper.  If  the 
scale  were  stationary  and  the  current 
of  constant  strength,  the  record 
would  obviously  be  merely  a  point, 
even  were  the  current  maintained 
for  hours  or  days  together.  It  is 
therefore  necessary  that  the  paper 
should  move  at  a  uniform  rate,  so 
that  if  the  current  were  also  uniform,  the  record  would  be  a  straight 
line,  the  length  of  which  would  be  directly  in  proportion  to  the 
duration  of  the  current.  Fig.  80  gives  a  general  idea  of  the 
Kelvin  recording  instrument  (with  the  front  removed),  while  fig.  8 1 
is  a  diagram  showing  the  electrical  portion  in  elevation  and  cross- 
section.     Referring  to  the  latter  figure,  it  will  be  seen  that  it  is 
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essentially  a  moving  coil  instrument,  in  which  the  permanent 
magnet  n  s  has  attached  to  it  two  pole-pieces  n  s.  Fixed  between 
them  is  the  cylindrical  core  a  a.  The  moving  coil  c  c  is  controlled 
by  the  spiral  spring  d,  the  strength  of  which  can  be  regulated  by 
shifting  the  position  of  the  fork  r.  The  coil  is  pivoted  between 
two  jewel  screws  b  b.  The  pointer  or  arm  carrying  the  pen  is 
indicated  by  p.  As  with  all  moving  coil  ammeters,  a  shunt  is 
provided  with  special  leads  connecting  it  to  the  coil.  The  scale 
or  '  chart '  upon  which  the  record  is  to  be  printed  is  wound  on 
a  drum,  and  is  illustrated  in  the  lower  portion  of  fig.  80.  This 
drum  is  driven  by  a  well-made  clock  fitted  inside  the  drum,  which 
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is  arranged  to  make  one  revolution  in  twenty-five  hours,  the  speed 
of  the  paper  being  0-75"  per  hour.  This  arrangement  is  made  with 
a  view  to  changing  the  charts  daily,  a  margin  being  allowed  to 
avoid  the  necessity  of  changing  the  charts  at  a  particular  moment, 
a  necessity  which  would  arise  were  the  drum  to  complete  its 
revolution  in  twenty-four  hours.  The  needle  is  shown  in  the  zero 
position,  but  if  a  current  is  passed  through  the  instrument  the 
pointer  would  travel  across  the  chart,  the  extent  of  the  journey 
being,  of  course,  determined  by  the  strength  of  the  current  It 
should  be  evident  that  if  a  current  of  uniform  strength  be 
maintained  a  continuous  straight  line  would  be  drawn  on  the 
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chart  as  it  revolves.  Variations  in  the  current  are  indicated  by  the 
line  being  zigzagged  in  accordance  with  the  variations.  A  handle 
can  be  seen  on  the  left  side  of  the  figure,  and  this  is  provided  for 
lowering  the  clock-drum  for  the  purpose  of  renewing  the  chart, 
but  the  act  of  lowering  the  drum  also  winds  up  the  clock  for  the 
next  twenty-four  or  twenty-five  hours  run  by  means  of  a  rack 
and  pinion  provided  for  the  purpose,  an  automatic  release  being 
also  fitted  so  as  to  render  it  impossible  to  over-wind  the  clock. 
The  instrument  requires  to  be  set  up  in  a  true  vertical  position 
by  means  of  a  plumb-bob  which  is  provided  in  the  instrument. 
The  friction  between  the  pen  and  paper  is  remarkably  small,  and 

Fig.  Si  Fio.  S3 


with  ordinary  care  in  the  use  of  the  instrument  a  very  faithful 
record  of  the  current  is  the  result. 

The  lineman's  detector  (fig.  82)  is  a  very  handy  instrument 
when  used  for  tracing  circuits  or  localising  faults,  but  it  must  not 
be  regarded  as  a  measuring  instrument.  It  consists  of  two  ordinary 
instrument  bobbins  mounted  vertically  and  wound  with  two  coils 
of  wire,  one  consisting  of  a  few  turns  of  thick  wire  and  the  other 
of  many  turns  of  fine  wire.  The  former  is  usually  wound  to  02 
ohm,  and  the  latter  to  about  100  ohms.  A  shunt  coil  is  sometimes 
added  to  the  thick-wire  coil  to  reduce  its  sensitiveness.  The 
magnet  is  about  an  inch  long,  and  is  mounted  on  a  horizontal  axis 
(see  fig.  83)  so  that  it  can  turn  freely  inside  the  coils,  a  long  non- 
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magnetic  indicating  needle  being  also  fixed  on  the  front  end  of  the 
spindle  and  moving  over  a  graduated  dial. 

One  end  of  each  of  the  coils  is  connected  to  one  or  other  of 
the  outer  terminals  on  the  top  of  the  case,  the  other  two  ends 
being  both  joined  to  the  centre  terminal.  Constructed  as  de- 
scribed, the  needle  should  be  deflected  through  400  or  500  by 
a  current  flowing  through  the  thin-wire  coil,  of  10  milliamperes  — 
that  is  to  say,  from  a  single  Daniell  cell  having  an  internal  re- 
sistance of  7  ohms.  The  thick-wire  coil  should,  with  the  same 
cell  giving  a  current  of  150  milliamperes,  cause  a  deflection  of 
200  to  300. 
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CHAPTER  V 

MEASUREMENT   OF   RESISTANCE 

When  the  difference  of  potential  in  volts  between  the  two  ends 
of  a  wire  is  known,  and  also  the  current  in  amperes  which  that 
difference  of  potential  is  able  to  maintain  in  the  wire,  then  the 
resistance  of  that  wire  in  ohms  may  easily  be  calculated,  for  by 
Ohm's  law  it  is  equal  to  the  number  of  volts  divided  by  the 

number  of  amperes,  or  r=  -,  where  e  stands  for  the  electro- 
motive force  in  volts,  c  for  the  current  strength  in  amperes,  and  R 
for  the  resistance  in  ohms.  If,  for  instance,  a  difference  of  poten- 
tial or  an  electro-motive  force  of  15  volts  between  the  two  ends  of 
a  wire  were  able  to  maintain  a  current  of  two  amperes  through  it, 

then  its  resistance  would  be  -5  =75  ohms.     But  if  the  resulting 

2 

current  were  only  2  milliamperes,  then  the  resistance  would  be 
15  - 


=  7500  ohms.     With  one  or  other  of  the  instruments  de- 
•002 

scribed  in  the  preceding  chapter,  the  current  flowing  may  be 
measured,  and  later  on  it  will  be  shown  how  the  difference 
of  potential  between  any  two  points  of  a  circuit  may  be  measured 
in  volts ;  and  this  method  is  perhaps  the  best  that  can  be  devised 
for  finding  the  value  of  very  low  resistances.  But  sometimes 
we  know,  without  the  necessity  for  measurement,  the  maximum 
difference  of  potential  or  electro-motive  force  which  a  certain 
current  generator  can  produce,  and  this  knowledge  will  enable  us 
in  certain  cases  to  calculate  resistance  after  merely  measuring  the 
current  strength. 

If,  for  example,  we  have  a  battery  of  which  we  know  the  electro- 
motive force,  say  10  volts,  and  also  the  internal  resistance,  say  20", 
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we  may  use  it  to  send  a  current  through  the  tangent  galvano- 
meter, g,  and  the  unknown  resistance,  xy  by  joining  them  all  in 
series  as  shown  in   fig.   84.     Suppose  the  resulting  current  to 

Fig.  84 


be  20  milliamperes  as  measured  by  the  galvanometer,  then  we 
may  find  the  total  resistance  of  the  whole  circuit  by  dividing  the 
electro-motive  force  by  the  current.     The  total  resistance  will  be 

E         IO 

-  =  — =  500*.  Now  the  resistance  of  the  battery  and  galvano- 
meter is  20  +  320=340*,  and  if  we  subtract  this  from  the  total 
resistance,  we  get  the  value  of  the  unknown  resistance,  #,  that  is, 
500  —  340  =  160". 

By  using  the  thick  wire  coils  of  the  galvanometer,  and  a  battery 
of  very  low  resistance  as  compared  with  that  of  the  unknown  resist- 
ance, no  serious  error  will  be  made  by  ignoring  the  resistance  of  the 
battery  and  galvanometer,  and  regarding  the  unknown  resistance 
as  the  total  resistance  of  the  circuit.  Under  these  conditions  a 
number  of  fairly  high  resistances  may  easily  be  compared,  for  the 
same  electro-motive  force  will  send  through  each  a  current  which 
is  inversely  proportional  to  the  resistance.  Thus,  if  with  three 
resistances,  a,  b>  c,  we  get  deflections  of  30,  25,  and  60  tangent 

divisions  respectively,  then,  a  :  b  :  c  : :  —  :  -1-  :  — , 

30     25     60 

that  is,  alb  1  c  ::  10  :  12  :  5. 

Presuming  the  galvanometer  to  be  so  adjusted  that  a  deflection 
of  30  tangent  divisions  is  obtained  when  a  current  of  10  milli- 
amperes is  passed  through  the  thick-wire  coil,  and  the  battery 
employed  to  have  an   electro-motive  force  of  2  volts,  then  the 

resistance  of  a  = =  2 00-.     Therefore  the  resistance  of  b  = 

9-0? 
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240",  and  of  c  =  ioo".  As  previously  stated,  however,  the 
resistance  of  the  battery  and  of  the  galvanometer  must  be  taken 
into  account,  unless  they  are  very  low  indeed  as  compared  with 
the  resistances  which  it  is  desired  to  measure. 

In  most  of  the  tests,  however,  to  be  subsequently  described, 
it  is  necessary  that  a  set  of  resistances  whose  values  are  known 
exactly  should  be  provided.  The  accuracy  of  the  results  obtained 
depends,  in  a  very  great  measure,  upon  the  accuracy  of  the  values 
given  to  these  resistances,  so  that  every  care  should  be  exercised 
in  their  manufacture,  measurement,  and  use.  In  Chapter  II. 
some  of  the  principal  causes  of  inaccuracy  were  enlarged  upon, 
and  it  was  shown  how,  by  avoiding  them,  a  reliable  set  of  resist- 
ance coils  might  be  produced. 

Assuming  such  a  set  of  coils  to  be  available,  let  us  now  discuss 
its  utility  in  helping  us  to  ascertain  the  resistance  offered  by  other 
conductors. 

If  a  wire,  whose  resistance  we  desire  to  ascertain,  is  joined  up 
with  a  battery  and  galvanometer,  the  current  flowing  will  deflect 
the  galvanometer  needle  through  a  certain  angle ;  let  this  angle  be 
accurately  noted.  Then,  if  the  unknown  resistance  is  removed 
from  the  circuit,  and  a  box  of  coils  of  known  resistance  inserted  in 
its  place,  this  same  deflection  may  be  reproduced  by  varying  the 
amount  of  resistance  introduced  by  means  of  the  plugs  or  arms, 
as  described  in  Chapter  II.  The  current  then  deflecting  the 
needle  will  manifestly  be  exactly  the  same  in  strength  as  in  the 
first  case,  and  therefore  (since  the  electro-motive  force  of  the 
battery  is  unaltered)  the  total  resistance  of  the  circuit  must  be 
the  same  as  before.  Hence  the  resistance  in  the  box  is  equal  to 
the  unknown  resistance.  A  convenient  way  of  taking  this  test  is 
shown  in  fig.  85.  r  is  the  set  of  resistance  coils,  x  the  unknown 
resistance,  and  s  is  a  three-way  plug  switch,  consisting  of  three 
pieces  of  brass,  any  two  of  which  may  be  joined  together  by 
inserting  a  brass  plug  in  the  holes  provided  for  the  purpose 
between  them.  By  means  of  this  switch,  either  x  or  r  may  be 
rapidly  placed  in  circuit,  and  it  is  advisable  to  take  a  second  test 
after  r  has  been  adjusted,  to  make  sure  that  the  electro-motive 
force  of  the  battery  has  not  been  altered  by  polarisation  and  so 
have  destroyed  the  accuracy  of  the  test    The  galvanometer,  g, 
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should  be  a  sensitive  one  ;  it  should,  in  fact,  under  all  conditions 
indicate  the  alteration  in  the  current  strength  caused  by  the 
addition  or  subtraction  of  the  coil  of  lowest  value  in  the  resistance- 
box.  As  by  this  method  the  same  deflection  is  reproduced,  any 
form  of  galvanometer  will  answer  the  requirements,  providing  only 
that  it  is  sufficiently  sensitive.  It  is  not  necessary  to  know  the 
resistance  either  of  the  galvanometer  or  of  the  battery. 

Supposing,  however,  a  tangent  galvanometer  and  a  battery, 
both  of  very  low  resistance,  to  be  available,  the  currents  which 
the  battery  can  send  through  a  known  and  an  unknown  resistance 
can  be  compared  directly  by  the  deflections  of  the  galvanometer 
needle,  for  if  the  deflections  are,  say,  50  tangent  divisions  in 


Fig.  85 


a  ■        r    ■    0       R       0- 

1               C\}* 

sV 

the  first  case  and  45  in  the  second,  and  the  known  resistance  is 

32  ohms,  then 

45  :  50  : :  32  :  x, 


because  the  deflection  in  each  case  will  be  inversely  proportional 
to  the  resistance  in  circuit     Hence,  x  =  35*5  ohms. 

When,  however,  the  resistances  of  the  battery  and  galvano- 
meter are  comparatively  high,  their  values  must  be  known  or 
ascertained,  and  allowed  for  in  accordance  with  Ohm's  law  as 
follows.  Let  the  resistance  of  the  galvanometer,  g,  be  320*,  that 
of  the  battery  r  =  1 2*,  and  the  known  resistance  r  =  560" ;  let  the 
current  with  r  in  circuit  (c^  give  50  tangent  divisions,  and  the 
current  with  x  in  circuit  (c2)  give  45  tangent  divisions. 

Then,  in  the  first  case, 


c,  = 


£ 


r  +  G  +  r 


,  whence  c,  (r  +  o  +  r)  =  e, 
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and  in  the  second  case, 

c2  = ,  whence,  also,  Co  (x  +  g  +  r)  =  e, 

x  +  g  +  r 

therefore  c2  (x  +  G  +  r)  =  cx  (r  +  g  +  r), 

whence,  by  dividing  and  transposing, 

x  =  -l  (r  +  g  +  r)  —  o  —  r. 
c2v 

Since  -1  is   merely  a  ratio,  the  strength   of  the  currents  in 
c2 

milliamperes  need  not  be  known,  the  number  of  tangent  divisions 

produced  by  the  currents  being  inserted  instead  of  c{  and  c2. 

Inserting  all  the  values,  then,  we  get 

x  =  5   (560  +  320  +  12)  —  320  —12 

45 
^r  =  659*1  ohms. 

The  resistance  of  the  galvanometer  is  nearly  always  known 
and  engraved  on  the  instrument,  but  it  is  frequently  necessary  to 
measure  the  resistance  of  the  battery  at  the  time  of  making  the 
test  To  avoid  this  it  is  better  to  use  a  battery  of  very  low 
resistance,  and  this  in  the  absence  of  a  suitable  battery  may 
usually  be  obtained  by  joining  up  several  sets  each  of  compara- 
tively high  resistance  in  parallel. 

The  equation  will  then  stand  : 

jf=C,(R  +  G)-G. 
C2 

By  inserting  the  values  as  before  we  can  see  the  amount  of  the 
error  caused  by  ignoring  the  battery  resistance  of,  in  this  particular 
case,  12  ohms. 

x  a  ^-(560  +  320)  —  320 

45 
x=  6577  ohms. 

The  error  is  thus  but  i"3" ;  and  it  is  not  difficult  to  get  a  battery 
of  only  about  1  ohm  resistance  to  send  a  sufficiently  strong  current 
for  the  above  test,  when  the  error  would  be  negligibly  small. 

This  method  also  provides  us  with  a  means  of  measuring  the 
resistance  of  a  galvanometer.     For,  let  the  second  reading  be 
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taken  through  a  known  resistance  k  =  700%  instead  of  x,  then, 
ignoring  the  battery  resistance,  it  follows  that,  as  before, 

c,  (r  +  g)  =  c2  (k  +  g) 

C,  R  +  Cx  G  =  C2  K  +  C2  G 
G  (C,  —  C2)  =  C2  K  —  Cj  R 

C]  —  C2 

Inserting  the  values  we  get 

G  =  4SX7oo-soxS6o=  hms 

5o-45 

With  the  same  apparatus  the  internal  resistance  of  the  battery 
may  be  measured.  For  if  the  battery  is  joined  up  to  the  low- 
resistance  coil  of  the  galvanometer  (three  or  twelve  turns),  practi- 
cally the  only  resistance  in  the  circuit  will  be  that  of  the  battery  x. 
If  possible,  the  adjustable  magnet  should  be  placed  so  that  the 
deflection  is,  say,  50  tangent  divisions.  Now,  it  will  be  evident 
that  to  halve  the  current  flowing,  the  resistance  in  the  circuit  must 
be  doubled.  If,  therefore,  resistance  R  is  inserted  until  the  deflec- 
tion falls  from  50  to  25  divisions,  the  resistance  R  will  be  equal  to 
the  resistance  x  of  the  battery. 

Sometimes,  however,  the  effect  of  the  controlling  magnet  is 
insufficient  to  produce  a  convenient  deflection,  or  it  may  not  be 
advisable  to  short-circuit  the  battery ;  and  it  is  then  necessary  to 
introduce  some  resistance,  say  p,  in  the  first  test.     Then 

c  =      E- ,  pr  c  (x  4-  p)  =  e. 
x  +  p 

If,  now,  p  is  increased  to  r  in  order  to  halve  the  deflection, 
and  therefore  halve  the  current  strength, 

then  -  = ,  or  -  (x  4-  r)  =  £, 

2      x  4-  r  '2  v  '        ' 

therefore  c  (x  +  r)  =  c  (x  +  p), 

2 

whence  x  =  r  —  2  p. 

For  instance,  if  with  a  low-resistance  galvanometer  it  is  found 
necessary  to  insert  1 1  ohms  in  order  to  bring  the  deflection  down 
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to  60  divisions,  and  to  increase  this  resistance  to  31  ohms  in 
order  to  make  the  deflection  30  divisions,  then  the  resistance  of 
the  battery  x  =  31  —  22  =  9  ohms. 

In  some  cases  the  resistance  of  a  cell  is  so  very  low  that  it 
becomes  a  difficult  matter  to  measure  it  with  great  accuracy. 
Secondary  cells,  especially,  have  not  only  a  low  resistance,  but 
also  a  comparatively  high  e.m.f.,  so  that  some  special  method  is 
necessary  in  dealing  with  them,  if  accuracy  is  desired. 

One  useful  method  consists  in  allowing  the  cell  to  send  a 
current  through  a  low  external  resistance  of  known  value,  and  then 
measuring  the  fall  of  potential  which  takes  place  along  this 
resistance.  The  fall  through  the  cell  can  then  be  found  by 
subtracting  the  external  potential  difference  measured  at  the 
terminals  of  the  cell  from  the  total  e.m.k.  developed.  As  the 
resistance  of  each  portion  of  the  circuit  is  proportional  to  the  fall 
of  potential  taking  place  along  it,  the  internal  resistance  of  the  cell 
can  be  deduced.  A  high  resistance  voltmeter  (see  Chapter  VI) 
designed  to  indicate  up  to  2*5  or  3  volts  is  a  useful  piece  of 
apparatus  for  this  work.  The  total  e.m.f.  of  the  cell  can  be 
measured  by  joining  the  voltmeter  to  the  cell  terminals,  because 
the  high  resistance  of  the  instrument  allows  only  a  feeble  current 
to  be  generated,  so  feeble,  in  fact,  that  the  fall  of  potential  inside 
the  cell  is  exceedingly  low ;  whence  the  potential  difference  indi- 
cated is  practically  equal  to  the  e.m.f.  developed.  If  now  a  second 
external  conductor,  but  of  low  resistance,  is  also  joined  to  the 
terminals  of  the  cell,  the  total  external  resistance  will  be  consider- 
ably reduced,  and  the  fall  of  potential  inside  the  battery  propor- 
tionally increased,  and  a  lower  pressure  will  be  indicated  by  the 
voltmeter,  Consequently,  if  we  denote  the  total  e.m.f.  by  e,  the 
fall  of  potential  in  the  external  and  internal  portions  of  the  circuit 
by  p  and/  respectively,  the  resistance  of  the  cell  by  r,  and  of  the 
known  external  resistance  by  r,  it  is  evident  that 

e  -  p  =/, 
and  p  :/::r  :  r, 

from  which  we  get  r  =  * 

«  P 
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When  a  battery  of  such  cells  is  to  be  measured — say  twenty — 
it  is  better  to  reverse  nearly  half  of  them — in  this  case,  nine ; 
then  the  resistance  to  be  measured  is  that  of  twenty  cells,  while 
the  e.m.f.  urging  a  current  through  them  is  that  of  only  two  cells. 
The  method  next  to  be  described  depends  upon  the  fact  that 
if  two  conductors  of  exactly  equal  resistance  are  joined  up  *  in 
parallel '  and  placed  in  a  circuit,  as  shown  in  fig.  86,  the  current 
will  divide  equally  between  the  two — that  is,  the  current  in  a  will 
be  exactly  equal  to  the  current  in  b*  The  converse  of  this  holds 
good,  viz.  if  we  have  two  conductors  so  joined  up  in  parallel,  and 
we  know  that  the  current  in  a  is  exactly  equal  to  the  current  in  b, 

then  we  are  certain  that 
the  resistance  of  a  is 
exactly  equal  to  the  re- 
sistance of  b. 

The  '  Differential 
Galvanometer '  is  an 
instrument  for  showing 
when  the  currents  in 
two  branch  circuits  are  equal.  In  principle  it  is  very  simple.  It 
consists  of  a  magnetic  needle,  pivoted  either  horizontally  or  verti- 
cally, surrounded  by  two  distinct  coils  of  wire  of  exactly  equal 
resistance,  and  wound  so  as  to  act  with  equal  force  on  the  needle. 
If,  therefore,  a  current  is  sent  through  one  coil,  and  a  current 
of  equal  strength  is  at  the  same  time  sent  through  the  other  in  the 
opposite  direction,  their  effects  will  be  neutralised  one  by  the  other, 
and  the  needle  will  not  be  deflected.  PMg.  87  illustrates,  with 
the  cover  removed,  a  good  form  of  differential  galvanometer  for 
ordinary  work. 

The  '  needle '  is  of  soft  iron  and  is  suspended  vertically  inside 
the  coils,  but  its  shape  and  the  arrangement  for  keeping  it  strongly 
magnetised  are  somewhat  peculiar. 

Fig.  88  shows  side  and  front  elevations  of  the  needle  and 
magnets.  The  spindle,  which  is  pivoted  at  a  and  b,  is  rather 
massive,  and  a  piece  of  brass  is  inserted  obliquely  at  c  cy  as  shown, 
thus  breaking  its  magnetic  continuity.  Each  half  of  the  needle, 
n  s,  is  fixed  at  right  angles  to  one  half  of  the  spindle  at  this  point, 
and  the  whole  is  embraced   by  two  horseshoe  magnets,  placed 
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with  their  like  poles  adjacent,  as  shown  in  the  figure.  These 
magnets  form  a  very  strong  field  in  the  space  in  which  the  spindle 
lies.  A  large  number  of  the  lines  of  force  pass  into  the  spindle, 
but  when  they  reach  the  break  in  the  iron  at  c  c  they  bend  upwards 
through  the  soft  iron  needle  from  one  side,  and  downwards  from 
the  other  side,  the  result  being  that  the  needle  is  magnetised  with 
its  north  pole  downwards.  On  one  end  of  the  spindle  is  fixed  a 
blackened  brass  pointer, 
//,  which  passing  over 
or  in  front  of  a  circular 
dial  divided  intodegrees, 
indicates  the  movements 
of  the  needle:  The  two 
wires,  each  offering,  say, 
50"  resistance,  are  wound 
side  by  side  over  two 
separate  bobbins,  so  that 
the  corresponding  por- 
tions of  each  wire  are 
similarly  disposed  in 
relation  to  the  needle 
and  exert  equal  magnetic 
effects  upon  it  This 
method  is,  of  course, 
far  in  advance  of  the 
old  instrument- makers' 
method  of  winding  one 
wire  alone  on  one  bobbin 
and  the  other  on  another 
bobbin.  The  tests  for 
a  differential  galvano- 
meter are  that,  if  powerful  but  equal  currents  are  sent  in  opposite 
directions  through  the  coils,  no  effect  should  be  produced  upon 
the  needle :  each  coil  used  separately  should  produce  equal  but 
opposite  deflections  with  the  same  current ;  and  the  coils  should 
offer  exactly  the  same  resistance. 

The  inner  ends  of  the  two  wires  on  the  bobbins  are  respec- 
tively joined  together  and  the  other  four  ends  connected  to  as 
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many  terminals  on  the  back  of  the  instrument.  This  allows  the 
current  to  be  sent  through  the  coils  in  several  ways.  First,  through 
one  coil  only,  the  resistance  then  being  50".  Secondly,  through 
both  coils  in  series  in  such  a  direction  that  they  act  upon  the  needle 
in  the  same  manner,  when  the  resistance  will  be  roo"  and  the  de- 
flective action  doubled,  provided  the  increase  of  resistance  does 
not  sensibly  reduce  the  current.     Thirdly,  through  both  coils  in 


parallel  and  in  the  same  direction ;  the  resistance  in  this  case  will 
be  25",  and  the  deflective  action,  provided  the  strength  of  the 
current  in  the  main  circuit  remains  unaltered,  will  be  the  same  as 
that  of  one  coil  only.  Fourthly,  through  both  coils  in  parallel,  but 
in  opposite  directions,  when  the  needle  should,  as  already  stated, 
be  unaffected.  Lastly,  through  both  coils  in  series  in  opposite 
directions,  when  the  needle  should  also  be  unaffected.     This  last 
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method  of  joining  up  is  also  useful  for  proving  if  the  deflective 
effects  of  the  two  coils  are  equal,  for  the  same  current  passes 
through  each  irrespective  of  their  resistance. 

Although  the  wires  are  wound  side  by  side  throughout,  it  is 
very  rarely  that  they  are  found,  in  making  up  the  instrument,  to  act 
with  exactly  equal  force  on  the  needle.  There  are  three  ways  of 
attaining  this  result  without  affecting  the  resistance.  The  position 
on  the  bobbins  of  a  portion  of  either  or  both  of  the  wires  may  be 
altered ;  or  a  part  of  the  wire  which  has  the  greater  effect  may  be 
unwound  and  wound  back  on  the  bobbin  in  the  opposite  direction  ; 
or  the  stronger  may  be  unwound  until  an  exact  balance  iS  obtained, 
when  the  length  so  unwound  may  be  coiled  up  in  the  base  of 
the  instrument,  where,  if  wound  *  double,1  it  will  have  no  effect  on 
the  needle. 

The  lower  half  of  the  needle  is  made  heavier  than  the  upper, 
to  keep  it  in  the  vertical  position  and  to  assist  in  restoring  it  to  that 
position  on  the  cessation  of  the  current ;  and  the  current  acts  against 
this  greater  weight  when  it  deflects  the  needle.  The  arm  at  which 
this  weight  acts  increases  with  the  deflection  of  the  needle,  so  that 
the  angle  of  deflection  cannot  be  simply  proportional  to  the  current 
strength.  The  relation  between  the  current  and  the  deflection  is, 
moreover,  irregular  in  consequence  of  the  peculiar  shape  of  the 
needle,  and  the  proportional  deflection  diminishes  with  an  aug- 
mentation of  the  current,  not  only  because  of  the  increased  effect 
of  the  weight,  but  also  because  the  field  due  to  the  current, 
although  almost  uniform  inside  the  coil,  is  far  from  being  so 
near  the  edges  and  just  outside. 

But  at  present  we  shall  only  consider  the  use  of  the  instrument 
with  the  needle  at  or  near  zero,  in  which  position  it  is  most 
sensitive. 

Provided  with  this  instrument,  a  battery,  and  a  set  of  resistance 
coils  of  sufficient  range,  we  are  in  a  position  to  measure  unknown 
resistances  rapidly. 

Fig.  89  shows  the  best  way  of  making  the  connections,  g  is 
the  galvanometer,  r  a  set  of  resistance  coils,  x  the  unknown 
resistance,  and  k  a  key  for  closing  the  battery  circuit.  On  de- 
pressing the  key,  the  current  will  divide  at  a  c,  the  junction  of  the 
two  coils  of  the  galvanometer,  part  passing  through  the  coil  a  b 
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,J>^  *J*1,  and  if  these  two  points  are  connected 

<**  -l-'v  flow  between  them.     Herein  is 

Bji  ;stone  bridge. 

'o*          ten"                   '6  seover  what  relation,  if  any, 

'  *  e*0/*(*flefc  tne  four  sections  into  which 

nerf   ■      Wip  'y  divided.     Let  the  resistance 

*%fete              **  'Ae  **  denoted  by  a,  that  between 

^(S^_ „"'Irf  _  .  <"i  and  between/and  b  by  rf. 

*fr  thl      Wfi   /'*'    a  oetween  a  and  *  is  equal  to  that 

ip  j^tf/e  »         /a'  Jtential  between  e  and  b  is  equal  to 

i**  *ho     **  at  ,s  p* 

**3f]y     *'</  ^p  in  every  case  (since  by  Ohm's  law 

CUfrCt)t  potential  between  any  two  points  is 

_'f  *"sty,  *  muItipne|J  by  the  resistance  of  the 

joints. 


'«//0   0sPs  ,0  owing  in  the  upper  branch,  *  e  b  to  be  c, 

'Ae  •fyifot.  'nch>  a/8-  t0  b6  c»- 

c,  x  a  =  c,  > 


nas  also  been  shown  to  be  equal  to  -' ; 
J  ci 

nsequently  "  _ ' . 

^£fais  is  Ihe  relation  between  the  resistances  which  we  sought 
and  we  might,  in  the  same  way,  prove  that  it  holds 
the  resistances  have  different  values  on 
galvanometer  connections  being  made  at  different 


J°j  cases  where  t! 
-  galvanometei 
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Fig.  89 


and  R,  and  the  remainder  through  the  other  coil  c  d  and  x,  back 
to  the  battery. 

Supposing  r  to  be  of  less  resistance  than  x>  then  a  greater  part 
of  the  current  will  pass  through  a  b  and  r  than  through  c  d  and  x ; 
consequently  the  needle  will  be  deflected  to  one  side.  By  increas- 
ing r  this  excess  of  current  will  be  diminished,  and  the  deflection 
of  the  needle  also  decreased,  until  the  needle  again  stands  at  zero. 
Then  the  currents  flowing  through  both  coils  of  the  galvanometer 

are  equal,  and  therefore 
the  resistance  of  both 
branches  must  be  equal : 
that  is  to  say, 

x  +  50"  =  r  +  50-, 
that  is,     x  =  r. 

By  further  increasing 
:  r,  the  needle  would  be 
again  deflected,  but  in 
the  opposite  direction  to 
that  previously  obtained. 
Before  making  a  test 
it  is  advisable  to  And  out 
and  note  in  which  direction  the  needle  is  deflected  when  r  is  too 
large  or  too  small,  so  that  immediately  the  needle  moves  to  one 
side  or  the  other  we  may  know  whether  it  is  required  to  decrease 
or  increase  r. 

It  may  be  necessary  to  measure  resistances  which  are  either 
higher  or  lower  than  any  which  can  be  inserted  in  the  box  r. 
The  range  can  then  be  extended  by  shunting  one  coil  of  the 
galvanometer — say,  by  a  wire  one-ninth  of  the  resistance  of  the 
coil.  Then,  as  only  one-tenth  of  the  current  in  the  branch  com- 
prising the  shunted  coil  will  pass  through  that  coil,  a  balance  will  be 
obtained  when  the  total  resistance  in  that  branch  is  one-tenth  of 
the  resistance  of  the  other.  For  instance,  suppose  the  coil  of  the 
galvanometer  connected  to  r  to  be  so  shunted,  and  a  balance 
to  be  obtained,  when  the  resistance  in  r  amounted  to  650*  ;  then 
the  unknown  resistance  would  be  6500*  nearly.  We  say  nearly, 
because,  in  order  to  obtain  a  perfectly  accurate  result,  compen- 
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sating  resistance  must  be  inserted  to  make  the  resistance  of  the 
shunted  galvanometer  coil  equal  to  50*,  as  explained  in  the 
preceding  chapter. 

In  measuring  electro-magnets  or  any  sirigle-wound  coils,  a 
sudden  jerk  of  the  needle,  due  to  self-induction  (see  Chapter  VII. ), 
will  always  be  noticed  on  making  and  breaking  the  circuit.  In 
such  cases  care  should  be  taken  to  see  that  the  needle  rests  at 
zero  when  no  current  is  flowing,  and  then  the  key  should  be 
depressed  and  the  adjustments  made  with  a  steady  current 
uninterrupted  until  the  needle  again  comes  to  zero. 

The  differential  galvanometer,  although  a  first-rate  instrument 
for  comparing  two  resistances  by  the  equalisation  method,  loses  in 
simplicity  and  rapidity  when  shunts  have  to  be  used  and  allowed  for. 
By  means,  however,  of  a  piece  of  apparatus  known  as  the  '  Wheat- 
stone  Bridge/  the  value  of  almost  any  ordinary  resistance  can  be 


readily  and  accurately  measured.  The  principle  of  this  invaluable 
apparatus  is  very  simple,  and  is  explained  by  the  diagram  (fig.  90). 
Let  us  suppose  two  wires,  A  a  c  b  and  a  b  d  b,  either  equal  or 
unequal  in  resistance,  to  be  joined  up  in  parallel  and  a  current 
sent  through  or  divided  between  them,  as  shown  in  the  figure. 
The  current  will,  as  already  explained,  divide  itself  between  the 
two  wires  inversely  as  their  resistances,  but,  for  our  present  purpose, 
the  current  strength  is  a  matter  of  little  or  no  importance. 

If,  now,  one  terminal  of  a  galvanometer,  g,  is  joined  to  any 
point,  *,  in  one  wire,  and  the  other  terminal  to  a  point,  g,  in  the 
other,  very  near  to  the  junction  b,  a  deflection  of  the  galvano- 
meter needle  will  be  observed,  indicating  a  current  flowing,  say, 
from  e  to  g. 

On  removing  the  galvanometer  wire  from  g  and  joining  it  to 
another  point,  h,  also  in  the  second  wire,  but  very  near  to  a,  the 

M 
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galvanometer  will  again  indicate  a  current,  but  flowing  in  the 
reverse  direction,  viz.  from  //  to  e.  If  contact  were  successively 
made  at  points  along  the  wire  a  b  d  b  farther  from  a,  the  current 
would  become  feebler  and  feebler  until,  finally  a  point,/,  would 
be  found  at  which  the  needle  would  not  be  affected  at  all,  showing 
the  absence  of  a  current  through  the  galvanometer. 

There  can  be  but  one  explanation  of  these  experiments.  It 
was  clearly  laid  down  and  demonstrated  in  Chapter  II.  that  when- 
ever a  current  of  electricity  flows,  it  invariably  does  so  in  virtue  of 
a  difference  of  potential  between  the  extremities  of  the  conductor 
through  which  it  flows,  and,  conversely,  whenever  the  extremities 
of  a  conductor  are  at  different  potentials  a  current  flows  through 
it.  These  two  facts  must  never  be  lost  sight  of,  for  they  constitute 
the  key  to  a  host  of  electrical  phenomena  and  problems.  Inasmuch, 
then,  as  it  was  seen,  by  the  evidence  of  the  galvanometer,  g,  fig.  90, 
that  a  current  passed  through  it  when  its  terminals  were  connected 
to  the  points  e  and  g,  and  to  the  points  e  and  hy  the  currents 
flowed  as  a  consequence  of  differences  of  potential  between  the 
respective  points.  And  the  absence  of  a  current  on  connecting 
the  points  e  and  /together  is  an  equally  clear  proof  that  those  two 
points  were  at  the  same  or  equal  potentials.  If  we  suppose  a  to 
be  at  a  higher  potential  than  b,  and  connect  the  galvanometer 
directly  to  those  points,  so  that  it  shall  share  the  current  arriving 
at  a,  the  needle  will  be  deflected  to  one  side  or  the  other,  the 
particular  deflection  being  governed  by  the  direction  of  the  current 
round  the  needle.  Let  us  suppose  the  deflection  to  be  to  the 
right.  Then,  on  connecting  the  galvanometer  to  a  and  g>  or  even 
to  e  and  g>  the  deflection  will  also  be  to  the  right,  and  will  establish 
the  fact  that  the  potential  at  e  is  higher  than  that  at  g.  On  the 
other  hand,  the  opposite  deflection  which  is  obtained  when  the 
galvanometer  is  connected  to  e  and  h  affords  ample  proof  that  the 
potential  at  h  is  higher  than  that  at  e.  Now,  as  the  ends  of  the 
two  wires  connected  at  a  are  always  at  the  same  potential  as  each 
other,  and,  as  the  ends  at  b  are  also  at  the  same  potential  as  each 
other,  although  lower  than  at  a,  it  follows  that  the  fall  of  potential 
along  a  a  c  b  must  equal  that  along  a  b  d  b.  It  also  follows  that 
if  we  fix  upon  any  one  point  in  either  of  the  wires,  there  must 
always  be  a  point  somewhere  in  the  other  wire  which  will  be  at 


chap,  v  Wheatstone  Bridge  163 

exactly  the  same  potential,  and  if  these  two  points  are  connected 
together  no  current  can  possibly  flow  between  them.  Herein  is 
the  underlying  principle  of  the  Wheatstone  bridge. 

We  must  now  endeavour  to  discover  what  relation,  if  any, 
exists  between  the  resistances  of  the  four  sections  into  which 
these  wires  are  thus  experimentally  divided.  Let  the  resistance 
of  the  section  between  a  and  e  be  denoted  by  a,  that  between 
a  and /by  b,  between  e  and  b  by  c,  and  between /and  b  by  d. 

The  difference  of  potential  between  a  and  e  is  equal  to  that 
between  a  and/;  call  this  p1B 

Again,  the  difference  of  potential  between  e  and  b  is  equal  to 
that  between /and  b  ;  call  this  p2. 

Now  we  have  seen  that  in  every  case  (since  by  Ohm's  law 
e  =  c  r)  the  difference  of  potential  between  any  two  points  is 
equal  to  the  current  flowing,  multiplied  by  the  resistance  of  the 
conductor  between  those  points. 

Suppose  the  current  flowing  in  the  upper  branch,  \  e  b  to  be  c„ 
and  that  in  the  lower  branch,  a/b,  to  be  ca. 

Then  P!  =  cx  x  a  ; 

also  Pi  =  c2  x  b  \ 

therefore  qxasc^x^; 

a      c« 
or  r  =  -  • 

b      c, 

Again,  p*  =  ct  x  c> 

also,  Pa  =  ca  x  d, 

therefore  c,  x  c  =  c2  x  d, 

c  —  c2 


or 


d     c, 


But      has  also  been  shown  to  be  equal  to  -1 ; 
b  zx 

consequently  = c , 

O       a 

This  is  the  relation  between  the  resistances  which  we  sought 
to  discover,  and  we  might,  in  the  same  way,  prove  that  it  holds 
good  for  other  cases  where  the  resistances  have  different  values  on 
account  of  the  galvanometer  connections  being  made  at  different 
points. 

m  2 
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The  relation  may  also  be  viewed  from  another  standpoint. 
The  fall  of  potential  along  a  conductor  is  proportional  to  its 
resistance,  and,  conversely,  the  resistance  of  a  conductor  is  pro- 
portional to  the  fall  of  potential  which  takes  place  along  it  Now, 
the  total  fall  of  potential  along  the  two  branches  (fig.  90)  is  equal 
in  amount,  and  the  potential  at  e  is  equal  to  that  at/;  and  the  fall 
along  a  is  equal  to  the  fall  along  b,  and  also  the  fall  taking  place 
along  c  is  equal  to  that  along  d.  Therefore  the  value  of  the 
resistance  a  bears  to  that  of  c  the  same  ratio  as  does  b  to  d9  that  is 

a  :  c  ::  b  :  d9 

and  therefore  also  a  :  b  ::  c  :  d. 

If  one  of  these  resistances,  say  c,  were  unknown,  and  the 
other  three  known,  we  could  readily  determine  the  value  of  ct  for 
ad 

y 

This  is,  in  fact,  the  method  by  which  resistance  is  measured 
with  the  Wheatstone  bridge. 

We  have  in  practice  four  resistances,  p  q  r  s,  one  of  which 
say  p,  is  unknown  and  the  others  known,  joined  up  as  in  fig.  91. 
The  junctions  at  a  and  b  are  maintained  at  different  potentials  by 
means  of  a  suitable  battery,  but  the  galvanometer  is  permanently 
connected  to  the  other  junctions,  c  and  d,  and  instead  of  varying 

the  position  of  the  galvano- 
meter   connection,    d,    the 
known    resistances    Q    r    s 
are    varied    and    adjusted, 
until  the  absence  of  a  current 
through     the    galvanometer 
proves  c,  the  junction  of  p 
and  q,  to  be  at  the   same 
potential  as  d,  the  junction 
of  r  and  s.     The  value  of 
p  can  then  be  calculated,  as 
above,  the  simplest  case  being  when  Q  =  s,  for  then  p  =  r.     Two 
keys,  k  and  k',  are  provided  for  the  purpose  of  joining  up  or 
disconnecting  the  battery  and  galvanometer  circuits  respectively. 
There  are  various  ways  of  performing  the  necessary  adjust- 
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ment  of  the  known  resistances ;  but  a  very  good  form  of  bridge 
for  measuring  low  resistances  may  be  constructed  upon  the 
principle  illustrated  in  fig.  90,  where  the  point  of  equilibrium 
was  found  by  shifting  one  of  the  wires  connected  to  the  galvano- 
meter along  a  b  d  b,  thus  varying  the  ratio  of  the  resistances 
b  and  d. 

Three  brass  or  copper  strips,  so  stout  as  to  have  practically 
no  resistance,  are  fixed  on  to  a  mahogany  board,  as  in  fig.  92. 
Between  the  ends  of  two  of  these  strips  a  wire,  a  b,  is  stretched. 
It  is  convenient  to  have  this  wire  one  metre  in  length,  with  a  scale 
placed  under  it,  divided  into  a  thousand  parts.  There  are  three 
terminal  screws  on  the  middle  strip,  and  two  on  each  of  the  others. 
The  unknown  resistance,  c,  is  connected  to  the  two  adjacent  ends 

Fig.  9a 


of  the  middle  and  right-hand  strips,  while  a  known  resistance,  a,  is 
joined  to  the  adjacent  ends  of  the  middle  and  left-hand  strips.  A 
battery  is  joined  up  to  the  outside  strips,  and  a  current  can  thus 
be  sent  through  the  branch  a  and  c,  and  the  branch  b  and  d, 
in'  parallel.  One  end  of  the  galvanometer  coil  is  joined  to  the 
terminal  screw  at  the  junction  of  a  and  c,  where  the  potential  will 
have  fallen  to  a  certain  amount.  The  other  end  is  connected  to 
a  slider  which  passes  along  over  the  wire  b  d,  and  which,  when 
pressed  down,  makes  contact  with  the  wire,  and  allows  the  exact 
point  at  which  contact  is  made  to  be  read  on  the  metre  scale.  As 
previously  explained,  a  point,  /,  is  sought  for,  at  which,  contact 
being  made,  no  current  flows  through  the  galvanometer.    Then 

c=z  -  x  a.    It  is  clear  from  this  equation  that  -=  is  merely  aj, ratio, 
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and  need  not  be  known  in  ohms.  If  the  wire  a  b  is  of  uniform 
resistance  throughout,  it  is  sufficient  to  know  the  length  in  milli- 
metres of  £,  and  the  length  in  millimetres  of  d ;  but  the  resistance 
of  a  must  be  known  in  ohms.  Supposing  a  were  2*5  ohms,  and 
a  balance  to  be  obtained  with  the  slider  at  a  point  440  millimetres, 

from  a  ;  then  b  =  440,  and  ^=560.     Therefore  c  =  5 —  x  2*5 

440 

=  3*  18  ohms. 

The  stretched  wire  must  be  of  considerable  resistance  so  as 
to  make  the  fall  of  potential  per  unit  of  length  appreciable,  and  it 
should  be  of  some  hard  durable  metal,  otherwise  it  would  become 
worn  by  the  slider  and  its  uniformity  of  resistance  destroyed.  For 
these  reasons  the  wire  should  be  made  of  German  silver,  platinum 
silver,  or  platinoid.  A  key  should  be  inserted  in  the  battery 
circuit,  to  prevent  the  current  being  kept  on  longer  than  necessary 
and  heating  the  wires.  Extra  resistance  in  the  galvanometer  or 
battery  circuits  introduces  no  error,  merely  reducing  the  sensitive- 
ness of  the  arrangement,  but  it  is  important  to  secure  good  clean 
connections,  in  the  other  branches,  as  any  resistance  introduced 
there  might  cause  a  great  error  in  the  result.  To  obtain  the  best 
results  the  resistance  of  the  battery  should  be  rather  low,  and  its 
e.m.f.  comparatively  high ;  the  resistances  in  the  arms  of  the 
bridge  should  not  differ  very  greatly  ;  and  the  galvanometer  must, 
of  course,  be  sufficiently  delicate  to  indicate  the  difference  of 
potential  caused  by  moving  the  slider  through  the  shortest 
measurable  distance.  But  the  length  of  the  wire  on  the  galvano- 
meter must  not  be  indefinitely  increased  to  attain  this  result, 
otherwise  the  resistance  so  added  reduces  the  current  in  a  greater 
proportion  than  the  deflective  effect  is  increased. 

There  is,  in  fact,  for  every  separate  test,  a  certain  resistance 
which  it  would  be  best  to  give  the  galvanometer.  In  practice, 
however,  we  can  do  no  more  than  wind  the  galvanometer  in  such 
a  manner  as  will  make  it  best  suited  to  the  average  conditions 
under  which  it  will  be  employed.  For  an  ordinary  slide-wire 
bridge  the  galvanometer  resistance  should  not  greatly  exceed 
one  ohm. 

The  slide-wire  bridge  answers  well  in  a  laboratory,  where  it 
is  exceedingly  valuable  for  measuring  low  resistances.     A  more 
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practical  form  of  the  Wheatstone  bridge,  and  one  which  is  very 
largely  used  for  general  work,  is  shown  in  fig.  93,  and  its 
connections  in  fig.  94. 
There  is  no  ex- 
posed stretched  wire 
here,  but  all  the  re- 
sistances are  placed 
in  a  mahogany  box 
with  an  ebonite  top, 
their  ends  being  con- 
nected to  brass  blocks 
fitted  with  plugs,  as 
in  the  case  of  any 
ordinary  resistance- 
box.  These  resistance 
coils    are    measured 

with  extreme  care,  and  the  value  of  each  in  ohms  is  marked  upon 
the  ebonite.  Double  terminal  screws  are  employed  to  avoid  the 
risk  of  resistance  being  introduced  by  the  careless  connection  of 
two   wires    on    to    one  Vsr 

terminal.  In  the  general 
view  it  will  be  seen  that 
there  are  two  keys,  each, 
when  depressed,  making 
contact  with  a  metal 
stud  ;  these  keys  are 
marked  a'  and  b'  in 
fig.  94.  A  term 
screw  is  connected  to 
each  key,  and  to  the 
right-hand  one  is  joined 
the  zinc  pole  of  the 
testing  battery.  The 
stud  under  this  key  is 
connected  beneath  the 
ebonite  cover  to  the  brass  block  r.  in  the  middle  of  the  back  row 
of  resistances,  so  that  the  zinc  pole  of  the  battery  is  joined  to  this 
block  when  the  right-hand  key  is  depressed.    It  is  at  this  point  then, 


<#(.h- 
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corresponding  to  b,  the  junction  of  q  and  s  in  fig.  91,  that  the 
current  divides,  and  on  either  side  are  three  coils  of  10, 100,  and 
1000  ohms  respectively,  any  or  all  of  which  can  be  inserted  at 
pleasure.  At  each  end  of  this  row  of  coils  is  a  terminal  screw, 
and  the  galvanometer  is  connected  to  these  points.  But,  as  we 
have  seen,  it  is  necessary  to  have  a  key  in  the  galvanometer 
circuit,  and  it  is  very  convenient  to  place  both  keys  close  to- 
gether in  the  front  of  the  instrument,  as  shown.  One  wire  from 
the  galvanometer  is  therefore  brought  to  terminal  a'— that  is, 
to  the  left-hand  key — and  the  stud  under  this  key  is  connected 
to  terminal  a,  as  shown  by  the  dotted  line.  Therefore,  when 
a'  is  depressed,  this  side  of  the  galvanometer  is  joined  to  terminal 
a.  The  other  side  of  the  galvanometer  goes  direct  to  the  double 
•  terminal  c.  The  two  '  arms '  of  the  bridge  b  a  and  b  c  corre- 
spond to  the  arms  b  and  a  in  fig.  90,  and  to  s  and  Q  in  fig.  91,  and 
the  arm  marked  r  in  the  latter  figure  here  consists  of  a  number 
of  coils,  ranging  from  1  ohm  to  4000  ohms,  placed  between  the 
terminals  d  and  e.  We  have  thus  three  arms  of  the  bridge  of 
known  values,  and  the  fourth,  or  unknown  resistance,  x,  is  placed 
between  terminals  c  and  e.  The  copper  pole  of  the  battery  is 
brought  direct  to  terminal  e,  which  corresponds  to  the  junction 
of  p  and  r  in  fig.  91.  Between  the  arms  b  a  and  d  e — that 
is,  between  the  terminals  a  and  d — is  a  space  marked  'infinity.' 
There  is  no  coil  connected  to  the  two  blocks  at  this  point,  so 
that  the  resistance  is  infinite :  that  is,  the  circuit  is  disconnected, 
when  the  plug  is  removed.  This  arrangement  is  exceedingly 
useful,  for  it  is  possible  to  increase  the  range  of  measurement 
considerably,  by  removing  the  plug  and  inserting  an  extra  box 
of  coils  in  the  circuit  here;  and  further,  it  is  often  convenient, 
in  some  tests,  to  be  able  to  separate  the  coils  into  two  indepen- 
dent sets.  There  is  a  second  '  infinity  plug '  between  the  10  and 
20  ohm  coils,  and  when  using  the  apparatus  simply  as  a  set 
of  resistance  coils  these  plugs  may  be  used  as  keys  for  discon- 
necting or  joining  up  the  circuit.  But  this  second  plug  is  also 
useful  when  employing  the  bridge  in  the  orthodox  fashion.  Let 
it  be  supposed  that  it  is  impossible,  by  any  manipulation  of  the 
coils,  to  establish  a  balance.  Then  if  a  balance  is  established  by 
removing  the  infinity  plug,  it  is  proved  that  there  is  a  disconnec- 
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tion  in  the  arm  x,  or  if  the  deflection  obtained  is  very  feeble,  it  may 
be  taken  that  the  resistance  in  x  is  '  above  bridge,'  or  too  high  to 
be  balanced. 

Let  us  suppose,  however,  that  the  bridge  has  been  properly 
joined  up,  with  an  unknown  resistance  x,  the  value  of  which  it  is 
desired  to  find,  between  c  and  e. 

It  is  clear  that  a  and  c  are  the  points  which  we  want,  by  ad- 
justing the  various  resistances,  to  bring  to  the  same  potential,  and 
the  galvanometer  is  connected  to  these  points  so  as  to  indicate 
when  this  result  is  attained.  We  begin  by  inserting  some  resist- 
ance in  the  arms  b  a  and  b  c  :  say,  100  ohms  in  each.  These 
resistances  are  not  again  altered  during  the  measurement,  but  the 
adjustment  is  made  by  varying  the  amount  of  resistance  in  the 
arm  d  e  until  the  galvanometer  shows  that  a  balance  has  been 
obtained.  When  this  happens  the  value  of  the  unknown  resist- 
ance, x,  is  equal  to  the  amount  which  has  been  inserted  in  the 
arm  d  e.  Much  time  may  be  saved  and  greater  accuracy  ensured 
by  taking  a  test  methodically,  and  the  following  points  should  be 
attended  to.  Before  starting  it  should  be  ascertained  that  the 
plugs  are  firmly  in  their  places  and  that  all  the  connections  at  the 
terminals  are  good,  and  to  ensure  this  it  is  advisable  to  take 
advantage  of  the  double  terminals  provided,  and  place  only  one 
wire  on  each  screw.  The  galvanometer  having  been  placed  in 
a  position  convenient  for  the  experimenter,  some  coils  in  each  of 
the  three  arms  must  be  put  into  circuit,  the  amount  in  the  arms 
d  e  being  made  as  near  the  unknown  resistance  as  can  be  guessed. 
The  right-hand  key  should  be  depressed  and  then,  a  moment 
afterwards,  the  left-hand  key,  and  the  galvanometer  observed  ; 
probably  the  latter  will  indicate  the  passage  of  a  current,  and  it 
should  always  be  found  which  way  the  needle  moves  when  the 
resistance  in  the  arm  d  e  is,  say,  too  high.  If  that  is  done,  one 
can  see,  immediately  the  needle  moves,  whether  it  is  necessary  to 
increase  or  reduce  the  resistance  in  d  e  in  order  to  get  a  balance. 
This  is  much  quicker  than  obtaining  the  balance  at  random. 
The  galvanometer  key  must  only  be  lightly  tapped  so  as  to  just 
indicate  in  which  direction  the  resistance  must  be  varied  until  a 
balance  is  nearly  obtained,  when  it  may  be  held  down  for  a  longer 
period.     This  prevents  a  heavy  current  being  passed  through  the 
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galvanometer ;  and  the  student  will  hardly  require  to  be  warned 
that  if  the  battery  is  kept  on  too  long  the  bridge  coils  will  become 
more  or  less  heated  and  their  resistance  varied.  It  should  also 
be  borne  in  mind  that  with  a  very  delicately  made  galvanometer  a 
suddenly  applied  heavy  current  is  likely  to  injure  the  needle  or 
the  pivot. 

We  considered  above  the  simple  case  when  the  resistances  of 
the  arms  ba,bc  were  equal,  but  the  bridge  is  not  always  used 
under  these  conditions. 

If,  for  instance,  the  unknown  resistance  is  comparatively  low 
and  we  desire  to  measure  it  to  within  a  fraction  of  an  ohm  it  is 
then  necessary  to  have  these  arms  of  unequal  resistance ;  we 
should  make  b  a,  say,  100  ohms  and  b  c  10  ohms.  Then,  if  a 
balance  were  obtained  with  13  ohms  in  d  e,  x  would  be  equal  to 
1  '3  ohm.     For,  by  the  principle  of  the  bridge, 

bc  x  d  e      10  x  13  _ 
x ■— —  13. 

B  A  IOO 

And  by  using  1000  ohms  in  b  a  and  10  in  b  c,  measurements  to 
within  T  Ijf  of  an  ohm  might  be  made. 

When  the  unknown  resistance  is  very  high,  then  the  ratio  must 
be  reversed,  taking,  say,  10  in  b  a,  and  iooow  in  b  c.  If,  now, 
a  balance  is  obtained  with  1309  ohms  in  d  e,  then 

1000  1  __ 

x  =  xi  309  =  1 30900  ohms. 

10 

When  using  this  ratio  it  is  not  always  possible  to  obtain  a  perfect 
balance  and  so  determine  the  unknown  resistance  exactly,  because 
the  lowest  unit  in  the  arm  u  e  is  1  ohm,  and  this  is  equivalent  to 
100  ohms  in  the  unknown  resistance.  For  instance,  if  in  the  last 
test  the  unknown  resistance  were  130,925  ohms,  it  would  be  ne- 
cessary to  increase  the  resistance  in  d  e  by  a  quarter  of  an  ohm  in 
order  to  get  a  perfect  balance,  and  this  fraction  is  not  at  our  dis- 
posal. A  supplementary  set  of  resistances  having  fractional  values 
may  be  inserted  between  the  terminals  a  and  d,  provided  that  the 
arrangement  is  sufficiently  sensitive  for  the  galvanometer  to  respond 
to  the  change  produced  by  these  fractions  of  an  ohm  ;  but  for 
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general  work  it  is  sufficient  to  know  the  value  of  a  very  high  resist- 
ance to  within  10  or  20  ohms,  and  this  can  always  be  estimated  by 
observing  the  movements  of  the  needle  when  the  resistance  in  d  e 
is  less  than  1  ohm  too  high  and  less  than  1  ohm  too  low.  It  will  be 
seen  that  the  range  of  the  bridge  without  supplementary  resistance 
is  such  that  any  resistance  between  o*oi*  and  1,111,000*  can  be 
measured. 

It  may  be  remarked  that  the  efficiency  of  the  Wheatstone 
bridge  is  frequently  reduced  by  the  injudicious  choice  of  a  battery. 
The  point  to  be  borne  in  mind  is,  that  a  considerable  fall  of 
potential  is  necessary  along  the  arms  of  the  bridge — that  is,  between 
the  points  a  and  b  in  fig.  90.  The  greater  the  difference  of 
potential  between  these  points,  the  greater  will  be  the  effect  on  the 
galvanometer  needle  for  a  given  change  in  any  of  the  resistances, 
and  therefore  the  higher  the  degree  of  accuracy  to  which  we  can 
measure.  Now,  suppose  the  bridge  to  be  of  the  slide-wire  form, 
and  the  resistance  of  the  arms  between  a  and  b  to  be  2  ohms. 
If  we  employ  a  battery  of  10  Daniell  cells,  having  a  resistance  of 
5  ohms  per  cell,  the  potential  difference  between  a  and  b  will  be 
considerably  less  than  three-quarters  of  a  volt,  all  the  rest  of  the 
fall  taking  place  inside  the  battery.  A  single  Grove  cell,  having 
a  resistance  of  *2",  could  maintain  about  i*8  volt  under  similar  con- 
ditions, although  its  E.M.F.  is  only  one-fifth  of  that  of  the  Daniell 
battery.  This  clearly  shows  the  effect  of  excessive  resistance 
in  the  battery,  and  it  is  evident  that  when  the  resistances  in  the 
bridge  are  low,  the  battery  employed,  while  having  a  sufficiently 
high  e.m.f.,  must  have  a  very  low  internal  resistance.  When, 
however,  the  resistances  are  high,  resistance  in  the  battery  circuit 
is  not  so  harmful  (as  the  fall  of  potential  in  any  part  of  a  circuit 
is  directly  proportional  to  the  resistance  of  that  part),  and  a 
battery  of  Daniell  cells  may  with  advantage  be  employed ;  for,  as 
a  rule,  the  internal  resistance  of  a  battery  of  Daniell  cells  is  so 
high,  that  even  when  short-circuited  the  current  is  but  a  fraction 
of  an  ampere.  But  the  e.m.f.  of  the  battery  is  often  kept  un- 
necessarily low  to  avoid  a  strong  current  heating  the  coils  ;  there 
is,  of  course,  a  limit,  but  by  a  skilful  manipulation  of  the  keys  pro- 
vided, the  time  during  which  the  current  need  be  kept  on  is  so 
very  short  that  the  heating  is  inappreciable. 
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We  have  remarked  that  it  is  better  to  depress  the  battery  key 
first,  and  allow  the  current  to  become  steady  before  tapping  the 
left-hand  key  and  throwing  the  galvanometer  in  circuit.  A  very 
short  time  is  sufficient  for  this,  but  extra  care  should  be  taken  that 
it  is  done  when  the  unknown  resistance  is  an  electro-magnet,  or 
any  coil  which  is  liable  to  the  phenomenon  of  '  self-induction ' 
(see  Chapter  VII),  or  when  it  has  any  'electrostatic  capacity/  as 
in  the  case  of  a  long  open  line  or  more  particularly  of  a  cable, 
otherwise  the  needle  will  move  violently,  although  the  actual 
resistance  may  be  truly  balanced.  To  enable  the  student  to  under- 
stand how  the  nature  of  the  resistance  can  cause  the  potential  at 
any  two  points  to  be  widely  different  when  the  current  is  starting 
or  stopping,  and  yet  equal  when  it  is  steady,  we  may  employ  an 
analogy.  Suppose  we  have  two  equal  iron  water-pipes  joined  up 
as  in  fig.  90,  with  some  piece  of  apparatus  to  indicate  a  difference 
or  equality  of  pressure,  in  the  place  of  the  galvanometer,  the 
points  e  and/  being  at  equal  distances  from  a  or  b.  Then,  the 
pipes  being  equal  in  all  respects,  the  pressure  at  e  will  always  be 
equal  to  that  at  /  no  matter  how  the  difference  of  pressure  at  a 
and  b  may  be  varied.  If,  now,  one  branch,  a  /  b,  is  replaced  by 
a  very  flexible  indiarubber  pipe  of  similar  dimensions,  this  no 
longer  holds  good.  Suppose  the  pipes  to  be  empty  and  then 
water  at  a  high  pressure  to  be  forced  in  at  a  ;  the  pressure  at 
e  will  rise  quicker  than  at/ because  the  flexible  pipe  expands,  and 
this  occupies  a  short  time.  When  the  expansion  has  reached  its 
limit  the  pressures  at  e  and/ are  equal,  but  on  suddenly  stopping 
the  flow  at  a,  the  pressure  at/ remains  higher  than  at  e  for  a  brief 
moment  owing  to  the  contraction  of  the  pipe. 

Somewhat  similarly,  as  we  shall  see  later  on,  a  current  of 
electricity  can  never  rise  to  its  full  value,  nor  die  away,  instanta- 
neously ;  for  this  reason,  the  coils  of  the  bridge  are  double  wound 
so  that  in  them  the  rise  or  fall  is  very  rapid,  and  when  the 
unknown  resistance  is  such  that  the  rise  or  fall  takes  place  at  a 
different  rate,  the  current  must  be  allowed  to  become  steady 
before  the  second  key  is  closed. 

The  peculiar  method  of  winding  the  bridge  coils  is  also  useful 
in  preventing  any  direct  action,  which  might  be  caused  by  the 
current  circulating  in  them,  being  produced  upon  the  galvano- 
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meter  needle.  When  an  electro-magnet  is  being  measured,  the 
galvanometer  must  be  placed  far  enough  away  to  avoid  its  being 
affected  when  the  current  is  passed  through  the  electro-magnet. 
When  there  is  any  reason  to  suppose  that  some  such  effect  as  this 
exists,  the  battery  key  should  be  closed  and  opened  several  times, 
the  galvanometer  key  being  left  open  and  the  needle  watched. 
If  it  moves  at  all,  we  have  proof  positive  that  some  portion  of  the 
apparatus  is  producing  a  disturbing  effect  upon  the  galvanometer. 

When  both  ends  of  the  unknown  resistance  are  not  easily 
accessible — that  is  to  say,  when  it  is  impracticable  to  bring  both 
ends  of  the  conductor  to  the  bridge — the  test  may  be-  made  by 
joining  one  end  to  the  terminal  c,  and  connecting  the  distant  end 
to  earth.  The  terminal  e — that  is,  the  junction  of  the  arm  d  e 
with  the  copper  pole  of  the  battery — should  also  be  put  to  earth, 
and  then  the  test  can  be  made  in  the  « sual  manner,  because  the 
two  earth-connected  points  are  at  the  same  potential,  and  behave 
in  precisely  the  same  way  that  they  would  if  they  were  joined  to  a 
common  terminal. 

A  leakage  sometimes  occurs  in  a  covered  wire  or  cable, 
which  allows  more  or  less  of  the  current  to  escape  to  earth,  pro- 
vided some  other  point  of  the  system  is  also  earthed.  It  is 
necessary  to  be  able  to  determine  the  exact  position  of  such  a 
'  fault,'  or  point  of  leakage,  and  this  might  easily  be  done  by  dis- 
connecting the  line  beyond  it,  and  then,  treating  the  fault  as 
an  earth,  measuring  the  resistance  of  the  wire  up  to  this  earth 
as  described  above.  It  rarely  happens,  however,  that  any  fault 
develops  which  does  not  offer  considerable  resistance  to  the 
passage  of  the  current  to  earth,  and  as  the  amount  of  this 
resistance  is  never  known  it  cannot  be  allowed  for.  Further,  the 
resistance  at  the  fault  frequently  varies  so  rapidly  that  it  is  not 
possible  to  obtain  a  balance  at  all,  and  some  different  arrangement 
of  the  bridge  is  therefore  necessary.  We  have  seen  that  in  the 
battery  circuit  extra  resistance,  and  even  variable  resistance,  causes 
no  error  in  the  result,  although  it  reduces  the  sensitiveness  of  the 
bridge ;  and  if  this  variable  earth-fault  can  be  placed  in  the  battery 
circuit,  we  can  ignore  its  resistance  altogether.  This  can  readily  be 
done  if  both  ends  of  the  wire  are  accessible  ;  if  not,  it  is  necessary 
to  have  a  second  or  return  wire,  and  connect  the  distant  ends  of 
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the  two  together.  This  arrangement  is  known  as  the  '  Loop  test/ 
and  is  illustrated  in  fig.  95.  The  copper  pole  of  the  battery  is  put 
to  earth,  the  zinc  pole  being  always  joined  to  line  in  fault-testing, 
as  the  current  in  that  direction — usually  by  an  electrolytic  effect — 
decreases  the  resistance  of  the  fault  and  so  makes  it  more  pro- 
nounced, e  p  is  the  faulty  wire,  the  fault  being  shown  at  /  c  p  is 
the  sound  wire  by  means  of  which  we  reach  the  other  end  of  the 
faulty  wire,  the  two  being  looped  together  at  p.  The  good  wire 
must  be  joined  to  terminal  c,  and  the  faulty  one  to  e.  On 
depressing  the  battery  key  the  current  flows  through  the  bridge 
and  the  lines,  finding  earth  at  the  fault,  and  a  balance  can  be 
obtained  in  the  usual  way.     Let  r  be  the  resistance  inserted  in  a  e, 

and  let  x  represent  the 
unknown  resistance  of 
the  faulty  wire  from  e 
to  the  fault  at/  Then 
the  total  resistance  of 
this  arm  of  the  bridge 
is  r  -f  x.  The  other 
arm    consists    of    the 
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sound  wire,  c  p,  and  that  portion  of  the  faulty  wire  from  p  to  / 
Let  the  total  resistance  of  this  arm  be  called  y.  Let  a  be  the 
resistance  in  b  c,  and  b  that  in  b  a,  then 


that 


is 


a  \y  ::  b  :  r  +  xy 

y  "  *b  X  (R  +  X) 


(0- 


We  have  here  two  unknown  quantities,  x  and  y,  and  must 
therefore  get  a  second  simple  equation  in  order  to  eliminate  one 
of  them.  It  is  clear  that  the  total  resistance  of  the  two  lines  is 
x  +  y9  and  usually  this  is  known ;  if  not,  it  can  be  measured  by 
joining  up  the  bridge  in  the  ordinary  way  (that  is,  connecting  the 
copper  pole  of  the  battery  to  terminal  e),  and  measuring  the 
resistance  of  the  loop  as  that  of  a  single  wire  without  fault ;  for 
there  will  then  be  no  leakage  at  the  fault,  as  no  other  part  of 
the  system  is  earthed.     Suppose  the  resistance  thus  found  to  be 

l  ohms,  then 

x  +  y  =  l; 

therefore  y  =  l  —  x        .         .         (2). 
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Therefore,  from  equations  (i)  and  (2), 
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If  we  make  c 
evidently, 


:  (r  +  x)  =  l  —  x  ; 

_  DL  —  av. 

b,  as  is  frequently  done  in  this  test,  then, 


or,  we  simply  subtract  the  resistance  in  a  e  from  that  of  the  two 
lines,  and,  dividing  by  2,  obtain  the  value  of  x. 

Now,  x  is  the  resistance  in  ohms  from  e  to  the  fault ;  the 
length  of  the  wire  E  P  is  known,  and  therefore  its  resistance  per 
mile,  or  any  other  unit  of  length,  is  known.  Thus  we  can  at  once 
ascertain  the  distance  of  the  fault  in  miles  or  yards  by  dividing  x 
by  the  resistance  per  mile  or  per  yard  as  the  case  may  be. 

The  galvanometer  generally  used  with  the  form  of  bridge  above 
described  has  a  resistance  of  800  ohms  ;  it  is  shown  in  fig.  96,  and 
is  a  very  good  instrument — portable,  yet  capable  of  giving  evidence 
of  a  very  small  poten-  FlCi  ^ 

tial  difference.  When 
joined  up  in  circuit 
with  a  resistance  of 
20,000  ohms,  and  a 
single  Daniell  cell 
(the  current  then 
being  about  one 
twenty-thousandth  of 
anampere),itwillgive 
a  deflection  of  25 ". 

The  coil  consists 
of  many  turns  of  fine 
silk-covered  wire,  wound  on  a  single  brass  bobbin.  The  needle, 
which  is  pivoted,  lies  exactly  in  the  centre  of  the  coil,  and  is  quite 
covered  by  it.  At  right  angles  to  the  needle  is  fixed  a  pointer, 
which  projects  from  the  coil,  and,  passing  over  a  scale  and 
a  strip  of  looking-glass,  indicates  the  slightest  movement  of  the 
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needle.  A  lever  is  provided  for  lifting  the  needle  from  its  pivot 
when  not  in  use,  and  each  end  of  the  coil  is  connected  to  a  ter- 
minal which  is  insulated  from  the  brass  casing  by  ebonite.  The 
features  in  the  design  of  the  instrument  which  enable  it  to 
respond  to  very  feeble  currents  are  the  great  length  of  wire  em- 
ployed, the  nearness  of  this  wire  to  the  needle,  and  the  excellent 
pivoting  of  the  needle,  which  allows  it  to  move  easily. 

Mr.  Paul  has  constructed  a  galvanometer  of  extreme  sensitive- 
ness, which  is  therefore  very  suitable  for  use  with  the  Wheatstone 
bridge.  It  is  designed  on  the  moving  coil  principle  and  is  illus- 
trated in  fig.  97.  The  field  is  maintained  by  a  strong  circular 
magnet  M  M,  and  the  instrument  is  therefore  independent  of  the 
Fic.  o7  proximity  of  other  magnets  or 

electro-magnetic  fields.  This  is 
in  itself  a  great  advantage,  as  it 
permits  of  the  bridge  being  used 
in  the  vicinity  of  dynamos, 
motors,  etc.  The  moving  coil 
audits  attachments  are  illustrated 
separately  on  an  enlarged  scale 
in  fig.  98.  The  coil  encircles  a 
spherical  soft  iron  core,  which  is 
made  in  two  hemispherical  pieces. 
One  of  these  pieces  is  shown 
separately  at  a.  The  other  piece 
6  is  shown  in  position  and  enveloped  by  the  coil,  which  is 
mounted  on  a  single  pivot.  This  pivot  is  situated  in  the 
geometrical  centre  of  the  core  so  that  the  instrument  does  not 
need  levelling,  for  if  it  is  placed  a  few  degrees  out  of  level  the 
coil  retains  its  vertical  position  and  is  still  concentric  with  the  core. 
This  arrangement  has  also  the  advantage  that  the  coil  can  be 
raised  off  its  pivot  when  the  instrument  is  out  of  use,  and  auto- 
matically restored  when  required.  This  is  accomplished  by  the 
introduction  of  a  plunger  which  protrudes  through  the  bottom  of 
the  case,  so  that  when  the  instrument  is  placed  on  a  table  or  other 
approximately  level  surface  it  is  pressed  upwards  and  lifts  one  end 
of  a  lever,  the  other  end  of  which,  tipped  by  a  light  spring,  drops 
gradually  and  lowers  the  coil  on  to  its  bearing.     When  the  instru- 
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ment  is  raised,  or  is  placed  in  its  case,  ihe  plunger  falls  back  and 
the  coil  is  raised  off  its  bearing.  The  coil  is  kept  in  its  normal 
position  by  means  of  a  controlling  spring  in  the  form  of  a  helix,  to 
which  is  attached  a  fitting  which  may  be  rotated  by  means  of  the 
spring  s  to  set  the  indicating  needle  to  zero.  The  coil  is  wound  on 
a  light  steel  frame  or  '  former,'  which  is  fitted  with  a  vertical  brass 
spindle  carrying  the  pivot  This  pivot  when  the  instrument  is  in 
use  rests  on  a  finely  jewelled  bearing  which  is  fitted  in  a  recess  in 
the  horizontal  cock-piece  shown  protruding  from  the  centre  of  the 
hemisphere  b.  This  cock-piece  also  carries  a  stud  for  holding  the 
two  hemispheres  together.     The  resistance  of  the  instrument  is 


210"  and  its  sensitiveness  is  such  that  one  degree  of  deflection  is 
produced  by  a  current  of  o -00000 1  ampere. 

Another  form  of  Wheatstone  bridge  is  shown  in  fig.  99. "  This 
has  a  very  great  range,  and  some  of  its  coils  are  joined  up  dif- 
ferently from  those  in  the  apparatus  last  described. 

The  two  '  ratio  arms '  consist  each  of  five  coils,  of  1,  10,  100, 
1000,  and  10,000  ohms  resistance,  and  are  connected  up  in  the 
usual  manner.  The  arm  which  is  varied  in  balancing  is  divided 
into  four  sets  of  coils,  each  set  consisting  of  nine  equal  coils.  The 
resistance  of  each  coil  in  the  first  set  is  1",  in  the  second  10",  in 
the  third  100",  and  in  the  fourth  1000".  Sometimes  a  fifth  set 
of  "I"  each  is  added.  In  the  figure  will  be  seen  four  sets  of  10  brass 
blocks  surrounding  a  circular  central  one,  with  which  they  can  be 
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separately  connected  by  a  plug.  The  block  partly  hidden  by  the 
plug  is  numbered  o,  and  this  block  is  connected  to  the  centre  of 
the  next  dial.  Between  each  two  of  these  numbered  blocks  (except 
between  9  and  o)  one  of  the  equal  resistance  coils  is  placed,  and 
by  means  of  the  plug  any  number  of  them  can  be  brought  into 
circuit  For  instance,  if  the  block  numbered  5  is  so  joined  to  the 
centre  plate,  the  current  passes  from  the  plate  by  means  of  the 
plug,  and  through  five  of  the  coils  round  to  the  block  number  o, 
which  is  joined  to  the  next  centre  plate,  or,  in  the  case  of  the  last 
dial,  to  a  terminal  screw.  Some  tests  can  be  very  quickly  made 
with  this  form  of  bridge,  and  the  result  seen  at  a  glance,  and  an 
advantage  results  from  the  fact  that  only  a  few  and  invariable 


number  of  plugs  are  brought  into  use,  thus  reducing  the  liability 
to  error  due  to  a  varying  resistance  between  the  plugs  and  the 
faces  of  the  brass  blocks.  Of  course,  as  only  one  plug  is  used  for 
each  dial,  ihe  circuit  is  disconnected  in  the  variable  arm  every 
time  a  plug  is  shifted.  In  order  to  obtain  the  full  advantage  of 
the  very  great  range  of  this  particular  bridge,  it  is  necessary  to  use 
a  galvanometer  even  more  sensitive  than  that  illustrated  in  fig.  96, 
and  some  form  of  'reflecting'  galvanometer  is  usually  adopted. 
In  a  reflecting  galvanometer  a  small  magnetic  needle  suspended 
by  a  single  fibre  of  silk  is  placed  inside  a  coil  of  wire,  and  as  the 
needle  itself  is  hidden  from  view  its  movements  are  indicated  by 
a  beam  of  light.     A  small  circular  mirror  is  cemented  to  the  needle 
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and  moves  with  it,  and  a  beam  of  light  thrown  on  to  this  mirror 
is  reflected  on  to  a  suitable  scale ;  the  spot  thus  projected  on  the 
scale  indicates  and  magnifies  the  movements  of  the  needle. 

One  of  the  most  important  uses  to  which  the  instruments 
and  methods  described  in  this  chapter  can  be  applied  is  that  of 
determining  the  *  insulation  resistance '  of  an  electrical  circuit — 
for  example,  an  electric-light  circuit — which  is  accomplished  by 
entirely  disconnecting  the  remote  ends  of  the  conductors,  and  then 
measuring  the  resistance  offered  by  the  insulating  material  to  the 
leakage  of  the  current  from  one  conductor  to  another,  or  to  earth. 
Should  this  resistance  fall  below  a  certain  pre-arranged  standard, 
evidence  will  be  afforded  of  the  existence  of  a  fault  which  requires 
to  be  localised  and  removed  forthwith.  The  insulation  of  the 
conductors  having  been  proved,  the  switches  and  other  fittings  may 
then  be  joined  up,  when  a  second  careful  test  should  be  made, 
which  in  most  cases  will  reveal  the  fact  that  the  insulation  resistance 
has  fallen  considerably,  often  as  much  as  50  per  cent.,  due  mainly 
to  surface  leakage.  By  testing  the  insulation  resistance  of  the 
conductors  separately  a  ready  means  is  afforded  of  determining 
whether  a  particular  fault  is  in  the  covering  of  the  wire  or  in  the 
fittings,  and  it  may  be  observed  that  a  certain  amount  of  leakage 
at  the  fittings  should  be  deemed  of  less  importance  than  an  equal 
or  even  a  smaller  leakage  in  the  conductor  covering  ;  for  whereas 
in  the  former  case  it  is  mostly  due  to  moisture,  and  therefore  not 
usually  liable  to  any  serious  increase,  in  the  latter  case  it  indicates 
a  damaged  or  inferior  insulating  material,  a  fault  which  will  most 
assuredly  develop  under  the  continued  electrical  stress. 

In  electric-light  or  power  installations  very  heavy  currents  and 
rather  high  e.m.f.'s  are  frequently  employed,  which  might  cause 
serious  damage  to  life  and  property  should  the  insulation  at  any 
point  be  allowed  to  fall  below  a  certain  standard  or  become  in 
any  way  faulty,  and  any  such  fault  would,  of  course,  also  impair  the 
efficiency  of  the  system.  Similar  conditions  obtain  with  any 
system  of  electrical  conductors  and  fittings  for  any  purpose 
whatever,  and  it  is  necessary  that  some  convenient  means  should 
be  available  for  efficiently  testing  the  whole  installation  under 
conditions  equally  as  trying  as  the  maximum  stress  which  it  will 
be  called  upon  to  sustain  in  practice.    Especially  should  the 
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placed  in  another.  In  its  present  form  the  generator  and 
ohmmeter  are  enclosed  in  one  box.  The  remarkable  unanimity 
with  which  instrument  makers  have,  in  the  construction  of  their 
more  accurate  apparatus,  resorted  to  the  principle  of  the  moving 
coil  galvanometer  has  been  manifested  in  the  design  of  the  later 
form  of  Evershed's  ohmmeter,  which  is  known  as  the  Megger.  It 
is  certainly  a  considerable  advance  upon  its  prototype,  not  the  least 
important  feature  being  that  the  range  of  the  instrument  reaches 


to  2000  megohms,  as  against  a  maximum  of  50  megohms  with  the 
older  pattern,  while  the  e.m.f.  has  been  increased  from  a  maximum 
of  about  120  volts  in  the  original  type  to  1000  volts  in  some  forms 
of  the  newer.  The  instrument  is  illustrated  in  fig.  100.  It  has 
but  two  terminals,  t  t,  of  which,  in  a  simple  insulation  or  leakage 
test,  one  is  connected  to  the  conductor  in  the  cable  under  test, 
while  the  other  is  connected  to  earth.  When  the  insulation 
between  two  conductors  is   being  measured,  one  conductor  is 
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joined  to  each  of  the  terminals,  while  the  remote  ends  of  both 
conductors  are  disconnected.  On  the  front  end  of  the  apparatus, 
as  shown  in  the  figure,  is  a  crank  handle  h,  which  is  attached  to  a 
large-toothed  wheel  as  indicated  in  fig.  102.  The  wheel  gears 
into  a  much  smaller  wheel  or  pinion,  which  is  mounted  on  the 
spindle  carrying  the  armature  of  the  generator.  On  the  top 
of  the  apparatus  is  seen  the  scale  plate  p,  fig.  100,  over  which  the 
indicating  needle  travels.  When  the  instrument  is  not  in  use  a 
hinged  cover,  c,  is  dropped  over  the  dial  or  scale  plate,  and  a  strap 
handle,  s,  which  is  permanently  attached  to  the  instrument  at  one 
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end,  is  secured  at  the  other  end  by  the  link  at  s,  being  inserted  in 
the  spring  clip  k.  The  instrument  is  thus  quite  self-contained  and 
is  very  portable.  Facilities  are  of  course  provided  for  bringing  the 
crank  handle  H  into  a  recess  in  the  wooden  case. 

The  principle  involved  in  the  construction  of  the  Megger  is 
illustrated  in  fig.  1 01.  d  is  the  armature  of  the  generator  or 
dynamo,  which  is  made  by  means  of  the  handle  h  (fig.  100)  to 
rotate  between  the  pole  pieces  n  s,  attached  to  the  permanent 
magnets  s  n  and  n  s.  At  the  other  ends  of  these  magnets  are  two 
more  pole  pieces,  s  «,  and  fixed  between  these  pole  pieces  is  a  soft 
iron  cylinder  b,  with  a  wide  longitudinal  cleft  on  one  side.    A  coil 
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of  fine  wire  a,  called  the  current  coil,  envelops  this  cylinder  and 
can  rotate  freely  on  its  axis.  A  second  coil,  or,  more  correctly 
speaking,  a  double  coil  c,  called  the  pressure  coil,  is  movable 
about  the  same  axis  as  the  coil  a.  One  half  of  this  double  coil 
can  thread  itself  over  the  iron  cylinder  b,  and  the  other  half  over 
a  peculiarly  shaped  corner  or  horn  of  the  soft  iron  pole  piece  s. 
Attached  to  the  spindle  which  carries  the  movable  coils  is  a 
pointer  f,  which  travels  over  the  scale  plate  k.  This  spindle  is 
fitted  at  each  end  with  a  large  and  very  strong  pivot  which  works 
in  a  sapphire  bearing,  but,  notwithstanding  the  size  of  these 
bearings,  the  movement  is  perfectly  free  from  friction,  r,  and  R2 
are  resistance  coils,  and  l  and  e  represent  the  terminals  which  are 
fitted  outside  the  box  as  shown  in  fig.  100.  The  positive  (  +  ) 
and  negative  (— )  brushes  rest  upon  the  commutator  of  the 
armature,  and  it  will  be  seen  that,  supposing  there  to  be  an 
external  circuit  between  the  terminals  l  and  e,  there  are  two 
paths  for  the  current  generated  in  the  armature  d.  One  path  is 
from  the  positive  brush  direct  to  e,  and  from  the  negative  brush 
through  the  coil  a  and  the  resistance  coil  ft2  to  the  terminal  l. 
The  other  path  is  from  the  positive  brush  through  the  resistance 
coil  R,  to  the  double  coil  c,  and  thence  to  the  negative  brush  of 
the  generator.  The  latter  path  is  unbroken  and  invariable  in 
resistance,  so  that  with  a  given  e.m.f.  the  current  is  constant,  and 
the  field  developed  by  it  in  the  double  coil  c  is  also  constant. 
On  the  other  hand,  the  current  which  the  e.m.f.  can  maintain  in 
the  coil  a  and  the  resistance  coil  rs  is  dependent  upon  the 
resistance  in  the  external  circuit  between  the  terminals  l  and  e. 
If  no  conductors  are  connected  to  either  terminal  then  the 
resistance  between  those  terminals  is  *  infinite ' — that  is  to  say, 
there  is  no  path  whatever  for  any  current  (assuming  that  there  is 
no  leakage  across  the  instrument  itself  from  terminal  to  terminal), 
and  in  such  circumstances  no  current  will  flow  through  the  coil  a. 
If  the  terminals  l  and  e  are  joined  directly  together  by  means  of 
a  short  piece  of  wire  of  inappreciable  resistance,  the  maximum 
current  will  flow  and  will  traverse  the  coil  a.  The  resistance  R2 
is,  however,  always  in  circuit  and  is  sufficiently  high  to  prevent  a 
dangerously  heavy  current  passing  through  a.  As  the  apparatus 
is  designed  for  the  measurement  of  insulation,  the  resistance 
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between  l  and  e,  even  when  the  latter  is  directly  connected  to 
earth,  should  always  be  considerable,  and  as  a  matter  of  fact  the 
lowest  resistance  which  these  instruments   are   ordinarily  made 
to  measure  is  1000*.     It  will  probably  have  been  learned  from 
Chapter  IV.  (but  it  will  be  made  clearer  in  Chapter  VII.)  that  the 
lines  of  force  between  the  pole  pieces  pass  more  or  less  directly 
from  one  to  the  other,  but  most  of  them  will  converge  upon  and 
pass  through  the  iron  cylinder  b.     Assuming  for  the  moment  that 
no  wires  are  connected  to  l  or  e,  then  on  rotating  the  armature 
and  generating  a  current,  fields  of  force  will  be  developed  in  the 
double  coil  c,  and  as   a  consequence  those  coils  will   thread 
themselves  over  the  cylinder  b  and  the  corner  piece  or  horn  of  s. 
If,  however,  a  circuit  even  of  .very  high  resistance — say,  several 
megohms— be  connected  to  l  and  e,  a  current  will  flow  through  the 
coil  a,  and  the  lines  of  force  due  to  that  current  will  be  at  right 
angles  with  the  lines  of  force  due  to  s  n.    The  pole  pieces  are 
immovable,  and  consequently  the  effort  of  the  two  sets  of  lines  of 
force  to  coincide  in  direction  will  result  in  the  coil  a  rotating 
through  a  greater  or  less  angle,  the  extent  of  the  rotation  being 
dependent  upon  the  strength  of  the  current — that  is  to  say,  upon 
the  number  of  lines  of  force  generated.     Of  course,  if  we  assume, 
as  we  may  do,  that  there  is  no  appreciable  resistance  to  the 
rotation  of  the  coil  a,  due  to  friction  and  such  like  causes,  the 
feeblest  current  should  suffice  to  bring  the  coil  into  a  position  at 
a  right  angle  with  the  lines  of  force  due  to  s  «,  and  in  order  to 
enable  the  apparatus  to  be  used  as  a  measuring  instrument  some 
restraining  device  must  be  introduced.    This  is  the  function  of  the 
double  coil  c,  which  as  soon  as  the  current  passes  through  it  strives 
to  thread  itself  as  already  indicated,  and  it  is  against  this  effort  that 
the  current  in  a  has  to  operate.     As  this  current  increases,  the 
coil  c  is  unthreaded,  and  the  coil  a  rotated  towards  the  *  horns ' 
m  tn  (the  position  shown  in  fig.  102).     Obviously  the  direction  of 
the  current  must  be  such  that  the  coils  are  made  to  rotate  in  a 
left-handed  direction.     Otherwise  no  movement  from  the  position 
shown  in  fig.  10 1  would  be  possible.     It  will  also  be  seen  that  if 
the  current  generated  should  vary,  as  it  would  do  by  varying  the 
speed  of  rotation   of  the   armature,  the  variation  will  also  be 
proportionally  varied  through  a  and  c,  and  as  a  consequence  the 
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position  of  the  needle  will  in   the  case  of  a  circuit  without 
electrostatic  capacity  be  unaffected. 

The  field  due  to  the  magnets-  being  permanent,  there  will 
always  be  lines  of  force  passing  through  the  coils  a  and  c,  but  in 
the  absence  of  a  current  through  either  of  these  coils  there  arc 
no  lines  of  force  set  up  by  them,  and  consequently  there  is  no 
'torque'  or  pull  upon  either  coil.     It  follows  that  when  the 


generator  handle  is  at  rest,  the  indicating  needle  is  quite  free  and 
will  rest  indifferently  in  any  part  of  the  scale. 

Fig.  102,  to  which  reference  has  already  been  made,  is  a 
diagram  showing  the  connections  between  the  various  parts  of  the 
megger,  and  should  be  compared  by  the  student  with  fig.  101.  ■ 
Fig.  103  shows  the  connections  of  the  moving  coil  system 
in  all  types  of  megger,  of  which  there  are  several,  k  l  m  are 
three  small  terminal  plates  to  which  are  connected  flexible  but 
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springless  metal  spirals.  M  is  therefore  connected  to  the  double 
coil  c,  L  to  the  pressure  coil  a,  and  k  to  the  insulated  spindle  to 
which  the  other  ends  of  the  coils  are  connected.  The  corre- 
sponding connections  in  fig.  roa  can  doubtless  be  traced  by  the 
student 

For  the  purpose  of  testing  the  insulation  of  instruments  and  lines 
which  have  a  very  low  capacity,  variable-pressure  meggers,  such 
as  we  have  described  above,  may  be 
used  with  advantage.  Low-range 
instruments  of  this  type  are  made 
to  measure,  up  to  10,  20,  too,  or 
200  megohms,  the  generators  yield- 

Ijjis'  "  ing  an  e.m.f.  which  ranges  from  100 

to  1000  volts  with  100  revolutions 
of  the  handle  per  minute.  A  high- 
range  instrument  of  the  variable 
pressure  type  is  made  to  yield  an 
electro-motive  force  of  1000  volts 
and  to  measure  up  2000  megohms. 
For  reasons  which  will  be  learned 
on  studying  Chapter  VIII.  the  e.m.f. 
varies  with  the  speed  of  rotation,  so 
that  in  order  to  obtain  the  standard 
voltage  of  any  particular  instrument 
it  is  necessary  to  revolve  the  arma- 
ture at  the  specified  speed.  It  is 
easily  possible,  however,  to  exceed 
that  speed  and  to  obtain  a  corre- 
sponding higher  voltage.  There  is 
no  serious  objection  to  this  when 
the  material  which  is  under  test  is  not  liable  to  break  down  in  its 
insulating  properties.  In  cases,  however,  where  such  risks  are 
involved,  and  particularly  in  other  cases  where  the  cable  under 
test  has  an  appreciable  electrostatic  capacity,  some  device  must 
be  adopted  for  limiting  the  speed  of  rotation.  The  device 
adopted  is  to  interpose  between  the  driving  wheel  and  the 
armature  of  the  generator  a  centrifugal  friction  clutch,  which, 
when  the  speed  of  the  handle  exceeds  100  revolutions,  slips,  and 
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thereby  maintains  a  constant  speed  in  the  armature,  and  therefore 
also  a  constant  voltage ;  whence  instruments  of  this  type  are  called 
constant-pressure  instruments.  The  student  will,  perhaps,  under- 
stand that  when  a  circuit  has  considerable  electrostatic  capacity, 
and  the  voltage  is  increased,  the  greater  part  of  the  increase  will 
rush  into  the  cable  in  order  to  charge  it  up  to  the  increased 
voltage,  and  consequently  this  additional  current  will  pass  through 
the  coil  a  (fig.  1 01),  and  scarcely  any  through  the  coil  c,  whence 
there  will  be  a  sudden  deflection  of  the  indicator,  although,  as  a 
matter  of  fact,  there  has  been  no  corresponding  diminution  in  the 
resistance  of  the  insulating  sheathing  of  the  cable.  The  converse 
case  should  also  be  considered— that  is  to  say,  the  disturbance  of 
the  charge  in  the  cable  when  the  voltage  is  lowered  by  a 
reduction  in  speed ;  in  such  cases  there  would  be  a  rush  of 
current  out  of  the  cable,  which  would  indicate  an  apparent 
increase  in  its  insulation.  It  is  therefore  necessary  to  maintain 
the  maximum  e.m.f.  during  a  test,  and  this  can  only  be  done  by 
keeping  up  the  speed  of  rotation.  It  is  specified  by  the  makers 
that  a  constant-pressure  megger  should  be  used  when  the  electro- 
static capacity  of  the  circuit  under  test  exceeds  one  microfarad. 
Now  a  mile  of  submarine  telegraph  cable  has  a  capacity  of  about 
one-third  of  a  microfarad,  and  as  the  surface  of  the  conductor  in  a 
lighting  or  power  circuit  is  usually  many  times  greater  than  in  a 
telegraph  circuit,  and  as  the  thickness  of  the  insulating  material 
is  very  often  thinner,  it  follows  that  the  capacity  of  a  mile  of  such 
cable  will  be  correspondingly  higher.  An  ordinary  house- 
installation  may  easily  exceed  the  stipulated  limit.  In  cases  where 
there  is  considerable  electrostatic  capacity  it  is  usually  found  that 
with  a  constant  electromotive  force  the  cable  will  have  been 
charged  up  and  a  steady  reading  obtained  after  the  current  has 
been  flowing  for  a  period  of  one  minute.  The  testing  ranges  of 
the  constant-pressure  meggers  and  the  voltage  ranges  of  the 
generators  are  much  the  same  as  in  the  case  of  the  variable- 
pressure  meggers.  Typical  scales  for  low  and  high  range 
instruments  are  given  in  fig.  104,  and  in  both  cases  it  will  be 
seen  that  the  scale  is  more  open  in  the  early  than  in  the  later  parts, 
although  the  difference  is  not  particularly  great;  for  example, 
if  in   the   low  range   scale  we  start   at    10,000*  there  is  about 


1 88 


Electrical  Engineering 


CHAP,  v 


Fig.  104 


& 


9* 


the  same  extent  of  scale-space  between  20,000"  and  40,000* 
as  there  is  between  j  0,000"  and  20,000".  Similarly  the  space 
between  200,000*  and  400,000"  is  about  the  same  as  between 
400,000"  and  800,000".  A  similar  state  of  affairs  will  be  manifested 
on  studying  the  high  range  scale. 

Although  the  instrument  has  only  recently  been  produced  it  is 
very  extensively  used,  and  its  negative  advantages  have  been  not 

inaptly  proclaimed 
in  the  following 
terms : —  There  are 
no  switches,  no 
plugs,  no  adjust- 
ments, no  key  to  be 
tapped,  no  galvano- 
meter to  watch,  no 
rheostat  to  adjust. 
Its  positive  advan- 
tages may  be  summed 
up  by  saying  that  it 
is  portable,  direct 
reading,  simple,  and 
reliable,  free  from 
disturbance  by  stray 
magnetic  fields, 
measures  under  high 
e.m.f.  and  is  very 
prompt  in  its  indica- 
tions. 

A  very  ingenious 
modification  of  the 
instrument  is  known 
as  the  Bridge-megger, 
and,  as  its  name 
implies,  it  may  be  used  either  as  a  Wheatstone  bridge,  for 
measuring  comparatively  low  resistances,  or  as  an  ordinary 
megger  with  a  range  up  to  40  megohms.  A  plan  of  the  top 
of  the  containing-box  is  shown  in  fig.  105,  and  it  will  be 
seen  that  at  the  right-hand  end   there  are  two  switches;    one 
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of  these  is  a  two-way  switch,  which  in  one  position  joins  up 
the  instrument  as  a  megger,  and  in  the  other  as  a  Wheat- 
stone  bridge.  The  second  switch  is  a  ratio  switch,  which  is 
only  required  when  the  two-way  switch  is  turned  to  '  Bridge,'  and 
which  is  used  to  vary  the  two  ratio  arms  of  the  bridge  after  the 


manner  of  the  slider  on  the  slide  wire  bridge  described  earlier  in  this 
chapter  (see  fig.  92).  There  are  six  terminals,  the  two  in  the  front, 
as  shown  in  the  figure,  being  used  when  the  instrument  is  required 
to  work  as  a  megger,  and  the  four  at  the  end  when  it  is 
required  for  bridge  measurements.     Apart  from  the  switches,  the 
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consequent  facilities  for  altering  the  internal  connections,  and  the 
addition  of  the  ratio  resistances,  the  construction  of  the  bridge 
megger  is  substantially  the  same  as  the  megger. 

Fig.  to6  shows  the  complete  internal  connections  of  the 
instrument  and  the  method  by  which  the  change  from  megger  to 
bridge  measurements  is  effected.    The  two-way  or  change-over 
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switch  is  supposed  to  have  been  set  to  ■  bridge.'  t  t  represent  the 
front  terminals  in  fig.  105,  and  as  the  instrument  is  joined  up  for 
bridge  working  they  are  left  disconnected  externally;  rt  r,  are 
terminals  which  are  joined  to  a  separate  box  of  resistance  coils 
(fig.  107),  and  which  perform  the  function  of  the  adjustable 
resistance  d  e  in  fig.  94.  e  f  (fig.  106)  are  the  terminals  to  which 
the  unknown  resistance  x  is  connected,  b  is  the  ratio  switch  which 
can  be  placed  in  one  or  other  of  three  positions.  The  resistances 
controlled  by  this  switch  can,  by  transferring  the  arm  to  one  or 
other  of  the  contact  studs,  be  so  varied  that  the  reading  in  the 
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resistance -box  when  a  balance  is  obtained  shall  be  equal  to 
the  resistance  of  the  circuit  under  measurement,  or  shall  be  ten 
or  one  hundred  times  that  resistance,  The  change-over  switch  is 
more  complicated,  for  when  the  switch  is  turned  there  are  five  snitch 
bars — r,  2,  etc.— to  be  moved  simultaneously.  These  switch  bars 
perform  a  variety  of  functions.  The  generator  is  of  the  constant- 
pressure  type  previously  referred  to,  and  is  provided  with  two 
windings  which  can  be  joined  in  series  for  megger  working  or  in 
parallel  for  bridge  working.  When  in  series  the  e.M.f.  is  500  volts, 
and  when  in  parallel  the  e.m.f.  is  only  250  volts  ;  but  the 
internal  resistance  is  in  the  latter  case  reduced  to  one-fourth,  and 
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a  much  stronger  current  can  be  developed.  The  two  windings  are 
represented  in  fig.  106  by  t>{  d2.  If  we  suppose  the  right-hand 
side  of  each  winding  to  be  the  positive  pole,  the  positive  brush  of 
D(  is  joined  by  switch  No.  4  to  the  positive  brush  of  d2,  while 
the  negative  brush  of  Dj  is  joined  by  switch  bar  No.  5  to  the 
negative  brush  of  d2.  The  current  coil  a  and  the  pressure  coil  c 
are  here  shown  separately,  but  they  occupy  actually  the  same 
relative  positions  as  in 
figs.  1 01  and  102.  The 
coil  c  and  its  resistance 
r2  are  permanently  joined 
across  the  terminals  of 
the  generator,  which  is 
practically  identical  with 
the  arrangement  shown 
in  fig.  101.  There  is  a 
wire  permanently  con- 
nected to  the  negative 
brush  of  Dj  and  to  switch 
bar  2,  whereby  the  nega- 
tive pole  of  the  generator 
is  joined  to  the  ratio 
switch  b,  which  corre- 
sponds with  the  point  b 
in  fig.  94.  Similarly  the 
points  g  and  h  and  the 
terminals  r,  and  f  corre- 
spond to  the  terminals  a 
and  c  in  fig.  94.  The 
positive  pole  of  the  gene- 
rator is  joined  through  a 
protective  resistance  coil 

to  the  point  k,  and  thence  direct  to  the  terminals  r2  and  e, 
which  correspond  to  the  terminal  e  in  fig.  94.  The  current 
coil  a  is  joined  on  the  one  side  by  means  of  switch  bar  3  to 
the  point  g,  and  on  the  other  side  by  means  of  switch  bar  1 
to  the  point  h.  This  coil  therefore  performs  the  function  of 
the  galvanometer  in   the   Wheatstone   bridge  apparatus.      The 
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function  of  the  pressure  coil  c  is  to  control  the  movements  of 
the  coil  a. 

The  student  will,  no  doubt,  be  able  to  identify  the  positions 
for  bridge  working  shown  in  fig.  106  with  the  usual  diamond 
formation  illustrated  in  fig.  1 08,  which  is  similarly  lettered. 

A  further  reference  may  now  be  made  to  the  resistance  box 
illustrated  in  fig.  107.  This  box,  which,  as  we  have  said,  is 
independent  of  the  box  containing  the  megger  apparatus,  is 
provided  with  a  pair  of  flexible  leads  for  coupling  it  to  the 
terminals  rx  r.2  of  the  bridge-megger.  The  coils  are  wound  with 
'Eureka'  wire,  an  alloy  which  varies  in  resistance  only  very 
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slightly  with  variations  in  temperature,  and  which  is  very  service- 
able for  providing  definite  and  fixed  resistances.  The  wire  is  not 
double  wound,  as  the  applied  voltage  being  constant,  self-induction 
in  the  coils  is  immaterial.  The  internal  connections  of  the  box 
are  indicated  in  fig.  109.  There  are  four  sets  of  uniform  coils, 
units,  tens,  hundreds,  and  thousands — that  is  to  say,  the  first  set 
consists  of  nine  coils  each  of  one  ohm  resistance,  the  second  of 
nine  coils  each  of  ten  ohms  resistance,  and  so  on,  so  that  the 
total  resistance  amounts  to  9999  ohms.  Each  set  of  coils  is 
controlled  by  a  separate  switch  (see  fig.  107),  and  each  of  the 
four  switches  carries  a  figure  dial  arranged  to  show  (through  a 
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small  '  window'  in  the  top  plate)  a  digit  representing  the  position 
of  the  switch.  The  total  resistance  inserted  by  the  switches  is 
thus  given  directly  in  a  row  of  figures  which  can  be  read  off  with 
ease,  as  will  be  seen  by  reference  to  the  view  of  the  box  given  in 
fig.  io6.  In  this  way  all  risk  of  error  dud  to  miscounting  is 
avoided.  In  the  positions  of  the  switchea  i  ndicated  by  the  arms 
in  fig.  109,  the  figures  exposed  would  be  2027  and  would  mean 
that  the  resistance  inserted  is  2027*.  As  we  have  already  stated, 
the  total  resistance  is  9999  ohms,  and  as,  by  the  movement  of 
the  ratio  switch,  the  resistance  to  be  measured  may  be  either 
equal  to  the  resistance  of  the  box  or  one-tenth  or  one-hundredth 
of  that  amount,  it  follows  that  the  range  of  the  instrument  is  from 
croi  ohm  to  9999  ohms.  If,  for  example,  the  ratio  switch  is  so 
placed  that  the  resistance  in  circuit  in  the  box  is  one  hundred 
times  the  resistance  of  the  circuit  under  measurement,  and  if  the 
former  resistance  is  13  ohms,  the  latter  is  0*13  ohm. 

Resistances  of  10,000*  or  more  may  be  tested  on  the  megger 
principle  by  turning  the  change-over  switch  and  joining  the  circuit 
to  be  measured  to  terminals  t  t  (fig.  106),  or  the  resistance- box, 
and  the  unknown  resistance  may  be  reversed  in  position  by 
joining  the  box  to  terminals  e  f,  and  the  unknown  resistance  to 
terminals  r,  r.2,  and  continuing  to  use  the  apparatus  on  the  bridge 
principle.  The  ratio  switch  can  still  be  operated  as  before — that 
is  to  say,  the  resistance  in  the  box  between  the  terminals  e  f  will, 
according  to  the  position  of  the  ratio  switch,  be  either  equal  to 
the  unknown  resistance  or  one-tenth  or  one-hundredth  of  that 
resistance.  If  the  total  resistance  in  the  box  is  a  maximum,  or 
9999"  w^en  a  balance  is  obtained,  and  if  the  switch  is  so  placed 
that  the  larger  multiple  is  used,  the  resistance  under  measurement 
is  999,900*.  It  follows  that  the  range  of  the  bridge  as  now  joined 
up  is  from  i*  to  a  maximum  of  999,900  ,  although  for  resistances 
under  10,000"  it  is  preferable  to  join  up  the  apparatus  as  indicated 

in  fig.  106. 

In  using  the  bridge  the  current  is,  of  course,  applied  by  rotating 
the  handle  of  the  generator,  and  a  balance  is  obtained  when  the 
resistance  in  the  box  is  so  adjusted  that  the  points  g  h  are 
brought  to  a  common  potential.  Obviously  under  such  circum- 
stances, no  current  will  flow  through  the  current  (or  galvanometer) 
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coil  a,  and  the  pressure  coil  c  will  alone  be  effective  and  will 
hold  the  needle  against  the  zero.  A  copy  of  the  scale  of  the 
bridge-megger  is  given  in  fig.  no,  and  for  bridge  purposes  the 
zero  is  at  g.  The  indicating  needle  can  swing  to  either  side 
of  this  pofnt  when  the.  resistances  are  out  of  balance,  and,  as 

indicated  in  the  figure,  the 
resistance  must  be  in- 
creased or  decreased,  as 
the  case  may  be,  in  order 
to  obtain  a  balance  and 
bring  the  needle  to  its 
proper  position.  It  will 
doubtless  be  remembered 
that,  as  the  reading  of  an 
ordinary  bridge  galvano- 
meter is  taken  when  the 
needle  is  undeflected,  no 
scale  is  required,  all  that 
is  really  necessary  being  a 
zero  point  to  indicate  that 
no  current  is  flowing  round 
the  galvanometer  coil. 
Hence  no  scale  properly 
so-called  is  needed  when 
the  bridge-megger  is  used 
as  a  bridge.  It  is  advisable, 
when  commencing  a  bridge 
test,  to  cut  out  all  the  coils 
in  the  resistance  box  by 
setting  the  four  handles  or 
switches  at  their  respective 
zeros,  and  then  to  turn 
the  generator  handle  slowly.  The  needle  will,  if  the  apparatus 
is  joined  up  as  in  fig.  106,  immediately  take  up  a  position 
off  or  beyond  the  scale — that  is  to  say,  on  the  side  marked 
'increase  R.'  The  generator  handle  being  still  slowly  rotated 
(so  as  to  generate  a  comparatively  feeble  e.m.f.  and  avoid  any 
risk  of  injury  by  over-heating),  the  resistance  switches  should  be 
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turned  by  hand,  beginning  with  the  thousands;  If  1000"  should 
prove  too  high — that  is  to  say,  if  the  needle  is  deflected  to  the 
opposite  side  of  the  scale,  the  resistance  switch  should  be  reset  at 
its  zero,  and  the  hundreds  switch  rotated.  Let  us  suppose  that 
with  500  in  circuit  the  needle  is  retained  above  or  on  the 
blank  side  of  g,  while  with  600"  in  circuit  it  is  transferred  to  the 
lower  side.  In  such  circumstances  the  hundreds  switch  should 
be  reset  at  5  (that  is  500"),  and  the  tens  switch  should  then  be 
turned  until  the  needle  passes  once  more  to  the  lower  side  of  g. 
Let  this  happen  when  the  tens  switch  indicates  7  (that  is  70"). 
We  then  know  that  the  required  resistance  is  somewhere  between 
560"  and  570".  All  that  is  then  necessary  is  to  reset  the  tens 
switch  at  6  and  move  the  units  switch  until  the  needle  comes  to 
rest  at  g.  If  this  happens  when  the  units  switch  indicates  8  (or  8*), 
the  required  resistance  is  568",  and  if  the  ratio  switch  happens 
to  be  turned  so  that  the  resistance  box  is  ten  times  the  resistance 
under  measurement,  that  resistance  is  now  known  to  be  56*8".  It 
should  be  remembered  that  as  we  approach  the  correct  resistance 
the  potential  difference  between  g  and  h  (fig.  106)  with  a  given 
e.m.f.  falls  so  that  as  the  final  tests  are  approached  the  speed  of 
rotation  of  the  generator  handle  should  be  increased,  until  when 
it  is  thought  that  a  balance  has  been  almost  obtained,  the  full 
speed  of  100  revolutions  per  minute  should  be  applied.  It  will  also 
be  remembered  that  in  speaking  of  insulation  tests  with  the  high- 
range  megger,  stress  was  laid  upon  the  necessity  for  running  the 
generator  at  its  maximum  speed  of  100  revolutions  by  increasing 
the  rotation  of  the  handle  until  the  friction  clutch  is  felt  to  be 
slipping.  The  object  of  this,  it  will  be  remembered,  was  to 
obtain  a  constant  E.M.F.,  and -thereby  to  avoid  oscillation  of  the 
needle  as  a  consequence  of  a  variable  charge  flowing  in  or  out  of 
the  cable.  Similarly,  if  the  circuit  under  test  when  the  bridge 
side  of  the  bridge-megger  is  in  use  happens  to  have  any  appreci- 
able self-induction,  as  would  be  the  case  when,  say,  a  dynamo  field- 
magnet  or  any  other  electro-magnet  is  under  test,  it  is  essential  that 
the  maximum  speed  of  the  generator,  100  revolutions,  and  the 
maximum  and  constant  e.m.f.  of  250  volts,  should  be  obtained,  in 
order  that  any  oscillation  of  the  needle  consequent  upon  induced 
currents  should  be  avoided. 

o  3 
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When  it  is  desired  to  test  resistances  of  10,000"  or  more  and 
the  positions  of  the  resistance  box  and  the  unknown  resistance  x 
are  the  reverse  to  that  shown  in  fig.  106,  it  will,  of  course,  be 
necessary  to  reverse  the  directions  given  on  the  scale,  fig.  1 10 — that 
is  to  say,  the  needle  will  start  below  g,  and  the  resistance  in  the 
box  should  be  increased  until  the  needle  travels  to  the  upper  or 
plain  side  of  the  scale,  and  so  on.  In  other  words,  *  increase  r  * 
and  '  decrease  R '  should  be  read  inversely.  The  scale  shown  in 
fig.  no  is  required  when  the  apparatus  is  used  as  a  megger, 
and  starts  from  the  end  remote  from  g — that  is  to  say,  when  there 
is  no  resistance  in  the  external  circuit,  or  when  the  terminals 
are  short-circuited,  the  indicating  needle  stands  at  'zero,'  and 
passes  over  the  scale  as  the  resistance  rises,   so  that  when  the 

Fig.  hi 
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resistance  is  considerably  over  40  megohms  it  approaches  the 
'infinity*  mark,  which  is  identical  with  g.  In  both  cases, 
whether  the  instrument  is  joined  up  as  a  bridge  or  as  a  megger, 
the  deflection  of  the  needle  to  g  or  'infinity*  indicates  that 
there  is  no  perceptible  current  passing  through  the  coil  a. 

We  come  now  to  the  connections  for  megger  working,  and 
fig.  in  shows  in  a  very  simple  fashion  the  skeleton  arrangement. 
Referring  to  fig.  106  we  will  suppose  that  the  change-over  switch 
is  turned  to  'megger.'  In  these  circumstances  the  five  switch 
bars  will  be  raised  and  make  contact  with  the  upper  sets  of  switch 
blocks  shown  in  the  figure.  The  ratio  switch  may  be  disregarded, 
as  there  will  be  nothing  connected  to  terminals  r,  r2  e  f.  The 
ratio  resistances  between  g  and  h  are  also  disconnected  at 
their  respective  switch  blocks.    The  lettering  of  the  two  diagrams 
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is  the  same  for  the  same  parts.  It  will  be  seen  (fig.  in)  that  the 
two  dynamo  windings  Dj  and  Da  are  joined  in  series  to  give  the 
maximum  e.m.f.  of  500  volts ;  and  that  one  pole  of  the  generator 
is  connected  by  means  of  one  of  the  terminals  t  direct  to  the  con- 
ductor of  the  cable.  The  other  pole  of  the  generator  is  joined 
through  the  current  coil  a  and  the  second  terminal,  t,  direct  to 
earth.  The  pressure  coil  c  and  its  protective  resistance  are  joined 
in  the  same  fashion  as  in  the  ordinary  megger — that  is,  as  a  shunt 
across  the  main  circuit.  The  distant  end  of  the  cable  is  assumed 
to  be  disconnected,  and  /  represents  the  high-resistance  leakage 
from  the  conductor  through  the  insulating  material  to  earth.  This 
leakage  may  be  at  one  point  (which  would  therefore  be  regarded 
as  a  fault),  or  it  may  be  generally  distributed,  and  if  considerable 
in  amount  it  would  point  to  inferiority  in  the  insulating  properties 
of  the  sheathing. 

Another  useful  set  of  apparatus  is  that  known  as  the  Silver- 
town  portable  testing  set,  which  is  contained  in  two  small  wooden 
boxes,  one  holding  the  batteries  which  are  employed  for  the  test, 
and  the  other  the  galvanometer,  resistance  coils,  key,  and  com- 
mutator. The  apparatus  is  designed  for  facilitating  tests  of  the 
resistance  of  the  conductor  itself,  as  well  as  of  the  insulating 
materials.  Two  separate  batteries  are  employed — one  of  them  con- 
sists of  three  low-resistance  Leclanche  cells,  and  is  used  for  testing 
the  conductor  resistance ;  the  other  battery  consists  of  thirty-six 
small  Leclanche  cells,  which  are  divided  into  three  sections,  so 
that  an  electro-motive  force  of  about  5,  25  or  60  volts  can  be 
employed  as  occasion  requires.  The  batteries  are  connected 
with  the  other  apparatus  by  means  of  wires  terminating  in  brass 
plugs,  which  are  provided  with  ebonite  handles,  and  which  fit 
into  circular  plug-holes  on  the  top  of  the  box  containing  the 
measuring  apparatus.  This  box,  of  which  a  plan  is  given  in  fig.  112, 
contains  a  sensitive  horizontal  galvanometer,  the  coil  of  which 
consists  of  many  turns  of  fine  wire.  The  needle  is  delicately 
mounted  on  a  pivot,  and  carries  a  long  but  light  aluminium 
pointer,  which  protrudes  beyond  the  coil  and  travels  over  a  scale. 
The  pivot  is  carried  by  a  small  slide,  by  means  of  which  the 
needle  can  be  withdrawn  from  the  instrument  for  examination  or 
repair.     The  needle  is  so  magnetised  that  when   the  pointer  is 
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swinging  freely  and  comes  to  rest  in  the  zero  position,  the  north- 
seeking  pole  of  the  needle  is  then  pointing  to  the  left-hand  side 
of  the  box.  Mounted  in  a  recess  on  this  side  is  a  controlling 
magnet,  the  upper  end  of  which,  when  in  the  vertical  position,  is 
nearer  to  the  needle  than  the  lower  end.  From  what  was  said 
when  describing  the  tangent  galvanometer,  it  will  be  gathered 
that  when  the  controlling  magnet  is  placed  with  its  north -seeking. 


pole  upwards,  it  is  acting  in  antagonism  to  the  earth's  field,  and 
by  thus  reducing  the  value  of  the  controlling  force  the  sensitive- 
ness of  the  instrument  is  increased  and  a  feebler  current  is  required 
to  produce  any  given,  deflection.  When  the  magnet  is  reversed 
the  controlling  force  is  augmented— that  is  to  say,  the  lines  of 
force  due  to  the  magnet  act  in  conjunction  with  those  due  to 
earth,  and  the  sensitiveness  of  the  instrument  is  reduced.  The 
difference  between  the  maximum  and  minimum  values  as  affected 
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by  the  positions  of  the  controlling  magnet  is  about  40  per  cent/ 
Insulation-resistance  .tests  are  usually  effected  with  the  galvano-' 
meter  in  its  most  sensitive  condition,  while  the  resistance  of  con- . 
ductors  is  usually  tested  with  the  controlling  magnet  in  the  position  . 
for  least  sensitiveness — that  is,  with  its  south- seeking  pole  upwards. 
The  controlling  magnet  is  also  of  service  in  adjusting  the  needle., 
to  zero.     In  preparing  to  test,  the  box  should  be  placed  on  a 
fairly  level  surface,  with  the  left  side  towards  the  north,  and  the 
controlling  magnet  in  a  vertical  position.     The  needle  will  then 
swing  at  or  about  its  zero  position,  to  which  it  can  be  brought 
exactly  by  a  slight  inclination  of  the  controlling  magnet  to  one 
side  or  the  other.     The  dotted  lines  in  the  illustration  (fig.  ^112) 
indicate  the  whole  of  the  permanent  electrical  connections  made 
inside  the  box.  {  * 

In  order  to  measure  a  low  resistance,  such  as  that  of  an 
electric-light  conductor,  the  connections  are  such  as  to  convert 
the  apparatus  into  a  Wheatstone  bridge,  and  to   facilitate   the 
tracing  of  these   connections   a  separate  diagram   (fig.   113)  is 
furnished,  embracing  only  those  parts  of  the  apparatus  required  for 
this  particular  test.     The  poles  of  the  battery  are  joined  to  the  ter- 
minals c  and  d  respectively.     From  c  the  current  travels  to  the 
block  x,  where  it  divides  between  the  two  arms  of  the  bridge, 
each  of  which  contains  three  coils  of  10",  ioo",  and  1000",  as  in 
the  Post  Office  bridge  (fig.  94).     It  will  be  remembered  that  in 
every  test  one  of  the  coils  should  be  used  in  each  of  these  arms. 
From  the  block  f  the  current  passes  to  another  bridge-arm,, con- 
sisting of  a  couple  of  rheostats,  one  comprising  io  coils  each  of  1" 
resistance,  and  the  other  10  coils  each  of  io*  resistance,  so  that 
the  maximum  resistance  of  this  arm  is  1 1  o".    The  diagrams  figs.  112 
and  113  show  only  9  coils,  but  there  is  a  tenth  coil  in  each,  case  so 
arranged  that  when  the  plug  is  removed  from  either  rheostat,  the 
circuit  is  not  disconnected,  as  would  be  the  case  were  all   the 
coils  joined  up  in  the  manner  illustrated.     The  connections  for 
these  rheostats  are  similar  to  those  in  the  form  of  bridge  illustrated 
in  fig.  99.     It  will  be  seen  that  the  centre  plate  of  the  *  tens ' 
rheostat  is  connected  to  the  block  f,  and  that  the  centre  plate  of 
the  'units'  rheostat  is  connected  to  the  terminal  d  (to  which  we 
have  already  connected  one  pole  of  the  battery).     The  two  zero 
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or  o  blocks  of  the  rheostats  are  connected  together,  and  the  coils 
are  joined  between  the  other  blocks  as  shown  in  the  figure. 

To  complete  the  other  side  of  the  bridge,  block  G  is  connected 
to  the  terminal  h,  and  between  this  and  terminal  l  is  joined 
the  conductor  whose  resistance  has  to  be  ascertained. 

Between  the  blocks  f  and  c  the  galvanometer  must  be  con- 
nected, the  path  for  which  through  the  key,  k,  is  shown  by  the 
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dotted  lines.  Theoretically  the  range  of  the  bridge  extends  to 
r  1,000",  but  practically  it  is  more  restricted  than  this,  the  working 
range  of  the  instrument  being  from  1"  to  iooo".  Outside  these 
limits  an  increase  of  battery  power  is  necessary  in  order  to  obtain 
satisfactory  results. 

Fig.  1 14  shows  the  positions  of  the  apparatus  employed  and  the 
connections  involved  for  testing  insulation  resistance.  One  pole 
of  the  battery  is  joined  to  terminal  a,  which  is  connected  direct 
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to  earth  by  way  of  terminal  p.  The  other  pole  of  the  battery 
is  joined  to  terminal  B,  which  is  connected  to  the  '  shunt '  block 
n,  from  which  the  current  passes  direct  to  the  galvano- 
meter and  thence  to  another  block,  m.  A  plug  is  employed  to 
continue  the  path  to  the  block  s,  and  thence  through  a  resist- 
ance of  10,000",  to  the  pole  of  the  battery  connected  to  terminal  a. 
The    galvanometer,   however,   being    somewhat    sensitive,    gets 


too  much  current  when  the  resistance  in  circuit  with  the  full 
battery  is  only  10,000",  and  it  will  be  observed  that  between  the 
shunt  block  n  and  the  block  m  there  are  three  shunt  paths  having 
reducing  powers  of  5,  20,  and  100  respectively.  If  we  suppose 
the  highest  shunt  to  be  employed,  then  the  galvanometer  reading 
should  be  multiplied  by  100,  or,  what  amounts  to  the  same  thing, 
if  the  galvanometer  with  the  one-hundredth  shunt  gives  with  the 
10,000"  coil    in  circuit  a  deflection  of,  say,    25  divisions,    then 
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the  same  deflection  would  be  obtained  were  the  unshunted 
galvanometer  placed  in  circuit  with  a  resistance  of  10,000  x  100 
=  1,000,000".  But  if  the  battery  can  produce  a  deflection  of 
25  divisions  through  1  megohm,  it  will  give  one  division  through 
25  megohms,  and  this  latter  resistance  may  be  called  the  *  constant ' 
of  the  instrument  under  these  particular  conditions.  This  constant 
we  consider  a  better  and  simpler  one  to  employ  than  that  usually 
adopted,  although  of  course  the  ultimate  results  are  the  same. 
We  repeat,  then,  that  the  constant  which  we  adopt  is  the  value  of 
that  resistance  through  which  the  battery  employed  can  produce 
a  deflection  of  one  division  on  the  unshunted  galvanometer. 
Having  determined  the  constant,  we  are  now  in  a  position  to  make 
an  insulation  test.  Let  the  plug  be  removed  from  the  hole  between 
m  and  s,  and  now  placed  in  the  hole  between  M  and  r.  The 
current  will  then  pass  to  terminal  q  and  thence  into  the  con- 
ductor of  the  cable  under,  test,  one  end  of  the  conductor  being 
joined  to  q,  the  distant  end  being  of  course  carefully  insulated. 
Should  the  unshunted  galvanometer  now  give  a  deflection  of 
25  divisions,  the  resistance  of  the  insulating  material  is  clearly 
1  megohm.  One  or  other  of  the  shunt  coils  can,  if  necessary, 
be  used  in  this  test  as  well  as  in  the  preliminary  test  for  the 
constant,  and  the  reading  of  the  galvanometer  should  then  be 
multiplied  accordingly  in  order  to  obtain  the  theoretical  deflec- 
tion which  the  unshunted  galvanometer  would  give.  Suppose, 
for  example,  that  the  insulation  resistance  is  so  low  that  when 
the  twentieth  shunt  is  employed  by  inserting  the  plug,  the 
reading  obtained  is  12^  divisions,  then  the  deflection  on  the 
unshunted  galvanometer  would  be  12^  x  20  =  250  divisions. 
But  one  division  corresponds  to  25  megohms,  therefore  250  divi- 
sions would  indicate  a  resistance  of  — *?- - —  =  100,000  ohms. 

250 

In  fact,  to  obtain  the  value  of  any  resistance  it  is  sufficient  to 
divide  the  '  constant '  by  the  deflection  which  would  be  obtained 
through  that  resistance  on  the  unshunted  galvanometer.        , 

The  key,  K,  can,  with  the  holes  in  the  blocks  from  f  to  g 

plugged   up,   be  employed  as  a  means  for   short-circuiting  the 

galvanometer.     This  is  frequently  a  great  convenience,  as  its  use 

facilitates  the  reading  of  the  instrument  by  checking  the  oscilla- 

ns  of  the  needle. 


203 


CHAPTER  VI 

MEASUREMENT   OF   ELECTRO-MOTIVE  FORCE. 

In  all  classes  of  electrical  work  it  is  important  to  be  able  to 
accurately  measure  potential  difference,  or  electro-motive  force, 
and  no  better  introduction  to  this  branch  of  the  subject  can  be 
obtained  than  that  furnished  by  the  study  of  the  methods  by 
which  the  electro-motive  force  of  primary  batteries  can  be  com- 
pared. By  Ohm's  law  we  know  that  e  =  c  r,  where  R  is  the  total 
resistance  of  any  circuit  measured  in  ohms,  c  the  current  in 
amperes  flowing  through  it,  and  e  the  electro-motive  force  in  volts 
which  maintains  that  current.  So  that,  whenever  the  resistance 
and  the  current  strength  are  known,  the  e.m.f.  can  be  ascertained 
by  multiplying  these  two  quantities  together.  For  instance,  if  a 
battery  having  a  resistance  of  15  ohms  is  joined  up  to  send 
a  current  through  a  galvanometer  of  320  ohms  resistance,  with  a 
rheostat  having  960  ohms  unplugged,  also  in  circuit,  and  if  the 
resulting  current  is  found  to  be  8  milliamperes,  then  the  electro- 
motive force  of  that  battery  is  c  x  r  or  '008  \  1295  =  10*36  volts. 
The  measurement  of  current  strength  presents  but  little  difficulty, 
but  it  is  not  often  that  the  total  resistance  in  the  circuit  is  accu- 
rately known  without  measurement,  and  thus  two  tests  at  least 
are  rendered  necessary  in  order  to  ascertain  the  e.m.f.  by  this 
method.  A  more  direct  method  is  to  take  some  good  constant 
cell  or  battery  whose  e.m.f.  is  known  exactly,  and  compare  the 
unknown  electro-motive  forces  with  that  of  this  *  Standard  '  cell  or 
battery.  The  accuracy  of  the  results  depends,  of  course,  upon  the 
accuracy  of  the  value  which  is  given  to  the  e.m.f.  of  this  standard, 
and  upon  its  constancy. 

A  very  good  cell  for  a  standard  is  that  devised  by  Latimer 
Clark,  and  described  in  Chapter  III.     If  carefully  used  it  will 
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remain  constant  for  years ;  but,  as  it  polarises  quickly,  it  should 
not  be  allowed  to  send  so  strong  a  current  as  even  one  mini- 
am  pere,  and,  if  possible,  should  only  be  used  in  those  tests,  to  be 
described  presently,  in  which  the  batteries  are  tested  when  they 
are  not  sending  any  current  at  all,  but  simply  maintaining  a 
potential  difference.  A  rather  serious  drawback  to  this  cell  is, 
that  its  e.m.f.  varies  appreciably  with  a  change  of  temperature, 
falling  as  the  temperature  rises ;  and  although,  the  temperature 
being  known,  the  variation  of  e.m.f.  can  be  allowed  for,  such 
calculations  are  inconvenient  and  take  time.  Its  e.m.f.  at  150 
Centigrade  is  1*434  volt.  The  student  will  perhaps  remember 
that  it  was  pointed  out  that  a  new  cell — the  Weston  Cadmium — 
is  rapidly  displacing  the  Clark  cell  for  standard  purposes,  mainly 
because  its  e.m.f.  does  not  vary  materially  with  changes  of 
temperature,  and  secondly  because  it  is  not  seriously  injured  by 
the  passage  of  a  heavy  current. 

The  Daniell  cell  when  in  good  condition  does  not  polarise, 
even  when  developing  a  strong  current,  and  it  has  the  further 
advantage  that  a  considerable  variation  of  temperature  makes 
little  or  no  difference  in  its  e.m.f.  It  is,  therefore,  a  good 
standard  for  use  in  the  workshop,  and  any  form  of  Daniell  cell  in 
first-rate  order  may  be  employed,  especially  when  the  tests  are 
independent  of  the  battery  resistance.  But  it  must  be  remembered 
that  the  plates  should  be  bright  and  clean,  the  supply  of  crystals 
in  the  copper  cell  plentiful,  and  the  solution  in  the  zinc  cell  half 
saturated.     The  e.m.f.  is  then  1*079  v0^* 

Since  the  current  which  a  battery  can  develop  is  proportional 
to  its  e.m.f.,  it  is  evident  that  the  e.m.f.  of  two  batteries  can  be 
compared  by  observing  the  currents  which  they  send  through 
circuits  offering  equal  resistances.  The  Daniell  cell  should  be 
used  as  the  standard  in  this  case,  and  if  it  give  on  a  tangent 
galvanometer  25  divisions  deflection  through  a  total  resistance 
of,  say,  1000**,  while  another  cell  or  battery  gives  62*5  divisions 
through  the  same  resistance,  then 

25  :  62'5  ::  e  :  #, 

where  e  is  the  e.m.f.  of  the  standard  cell,  and  x  that  of  the 
battery  under  measurement. 
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Therefore  x  =  — 5 T  °*  9  —  %-»  volts  nearly. 

25 

One  objection  to  this  method,  when  the  external  resistance  is 
low,  is,  that  it  is  necessary  to  know  the  resistance  of  the  batteries, 
in  order  that  the  total  resistance  may  be  made  the  same  in  both 
cases ;  but  if  the  resistance  of  the  external  circuit  is  comparatively 
high,  as  in  the  case  just  considered,  then  the  resistance  of  the 
batteries  may  be  ignored. 

In  this  simple  method  the  resistance  is  kept  constant  while 
the  current  varies.  The  different  currents  are  then  measured  and 
the  relative  e.m.f.  deduced  therefrom  directly,  as  the  e.m.f.  varies 
directly  as  the  current  produced. 

But  it  is  also  possible  to  compare  electro-motive  forces  by 
varying  the  resistance  and  keeping  the  current  constant,  in  which 
case  the  electro-motive  force  is  proportional  to  the  resistance  \  for, 
the  higher  the  e.m.f.,  the  greater  is  the  resistance  through  which 
it  can  send  a  given  current.  One  great  advantage  in  connection 
with  this  method  is,  that  any  kind  of  galvanometer  which  may 
be  available  can  be  employed,  because  the  same  deflection  is  pro- 
duced in  every  case.  In  order  to  compare  the  e.m.f.  of  any 
battery  x,  with  the  standard  cell  e,  we  should  in  this  method  join 
up  the  standard  cell  in  circuit  with  a  rheostat  and  galvanometer, 
varying  the  resistance  so  as  to  obtain  a  convenient  deflection  of,  say, 
450,  and  noting  carefully  the  total  resistance,  r,,  in  circuit.  The 
battery  to  be  tested  should  next  be  joined  up,  and  the  resistance 
altered,  say,  to  r2,  so  as  to  reproduce  the  deflection  of  45  °. 

Then  x  :  e  ::  r2  :  r,,  or  x  =  ?-5*. 

In  this  test,  also,  the  resistances  of  the  standard  cell,  the  battery, 
and  the  galvanometer  must  be  known  and  taken  into  account, 
unless  the  resistance  in  the  rheostat  is  comparatively  high,  when 
these  other  resistances  may  be  ignored. 

But  by  a  simple  extension  of  this  method,  it  is  possible  to 
obtain  an  accurate  result  without  knowing  any  one  of  these  three 
resistances.  The  process  consists  in  first  joining  up  the  standard 
cell,  e,  in  the  same  manner  as  in  the  previous  test,  and  then 
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adjusting  the  rheostat  until  3  deflection  of,  say,  45 °  is  obtained. 
The  resistance  should  then  be  increased  until  the  deflection  falls 
to,  say,  350,  noting  carefully  the  exact  number  of  ohms,  p,  by 
which  the  resistance  is  increased,  in  order  to  bring  about  the 
reduction  in  the  deflection.  The  battery,  whose  electro-motive 
force,  xt  it  is  desired  to  measure,  must  now  be  substituted  for  the 
standard  cell,  and  the  resistance  again  adjusted  until  the  deflection 
of  450  is  reproduced  This  resistance  should  then  be"  increased 
by,  say,  q  ohms  until  the  deflection  is  once  more  35  °.  Then  as 
shown  below,  ; 

x  :  e  : :  q  :  p,  or  x  =  e  -  volts.    - 

p 

To  take  an  example.  If  with  the  Daniell  cell  as  a  standard  the 
insertion  of  720  ohms  reduces  the  deflection  io° — that  is  to  say, 
from  450  to  35°~and  when  the  battery  whose  e.m.f.  is  to  be  mea- 
sured is  substituted  it  is  found  necessary  to  add  2300  ohms  to 
reduce  the  deflection  through  the  same  io°,  then 

x  =  1*079  x  ——  ==  3*446  volts. 

720 

■        •  • 

This  is  a  very  good  method,  and  it  is  interesting  and  instruc- 
tive to  observe  how. the  battery  and  galvanometer  resistances  are 
eliminated.     This  may  be  shown  by  Ohm's  law  as  follows : 

Let  g  be  the  resistance  of  the  galvanometer,  /•,  the  internal 
resistance  of  the  standard  cell,  and  r,  the  resistance  in  the  rheo- 
stat when  the  needle  is  deflected  through  45  °  by  the  current  whose 
strength  is  indicated  by  c^  then 

c,=  E         . 

*i  +  rx  +  G 

Also  let  r2  be  the  resistance  of  the  battery  whose  e.m.f.  is  to  be 
deduced,  and  R2  the  resistance  in  the  rheostat  necessary  to  repro- 
duce the  deflection  of  450,  or  when  the  current  strength  can  again 
be  indicated  by  c^  then 

/"»    "in    * 

R2  +  r%  +  g' 
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therefore 


Ri  +  r\  +  g      Rs  +  ra  +  g  * 

or  e(r2  +  r%  +  g)=^:(r1  +  rx  +  g)     .  (1). 

When  the  resistances  R!  and  r2  are  increased  by  p  and  q  respec- 
tively to  obtain  the  deflection  of  35 °  which  will  correspond  to  a 
current  strength  which  can  be  called  c2,  then 

e  x 

c2  = 


Ri  +  ri  +  G  +  P       R2  +  r%  +  G  +V 
therefore  e  (r2  +  r2  +  g)  +  e  q  ==  x  (r,  +  rx  +  c)  +  x  p    .    (2). 
Subtracting  equation  (1)  from  (2)  we  get 

EQ=JfP, 

therefore  x  =  e  - . 

p 

To  ensure  accurate  results  it  is  essential  that  the  galvanometer 
for  this  test  should  be  sufficiently  sensitive  to  indicate  a  very  slight 
alteration  in  the  current  strength,  and,  if  possible,  the  resistances 
p  and  Q  should  be  as  high  as  or  even  higher  than  the  total  resist- 
ance in  the  circuit  prior  to  their  insertion. 

There  is  another  good  method  which  is  sometimes  very  con- 
venient because  it  is  not  necessary  to  know  or  ascertain  the  actual 
resistance  of  any  portion  of  the  apparatus,  whether  it  be  the  gal- 
vanometer, the  rheostat,  or  the  battery.  As  in  the  previous  tests, 
we  may  denote  the  e.m.f.  of  the  fig.  us 

standard  cell  by  e,  and  that  of 
the  battery  to  be  measured  by  x. 
The  standard  cell  e  and  battery 
x  are  joined  up  in  series,  so  that 
they  assist  each  other  in  sending 
a  current  through  a  rheostat  or 
set  of  resistance  coils,  r,  and  a 
tangent  galvanometer,  g  (fig.  115), 
and  the  resistance  adjusted  until 
a  fairly  high  deflection,  say,  sixty-five  tangent  divisions,  is  obtained. 
Then,  on  reversing  the  standard  cell  (supposing  it  to  be  of  lower 


HI 
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e.m.f.  than  x)  so  that  the  two  e.m.f.'s,  x  and  e,  are  opposed  to  each 
other,  the  resulting  current  will  manifestly  be  due  to  the  difference 
between  the  two  e.m.f.'s,  and,  as  the  total  resistance  remains  un- 
altered, the  current  and  the  deflection  produced  by  it  will  be 
diminished,  say,  to  twenty- five  divisions.  Then,  denoting  the  first 
deflection  (sixty-five  divisions)  due  to  both  e.m.f.'s  by  d,  and  the 
second  deflection  (twenty-five  divisions),  due  to  the  difference 
between  the  two  e.m.f.'s  when  opposed,  by//, 

*:e::d  +  //:d  —  d, 

or  x  ==  e     -       . 

d  —  d 

Inserting  the  values  as  above,  we  get 

x=  1*079  x  ^ =  2428  volts. 

65-25 

The  object  of  reversing  the  battery  or  cell  of  lower  e.m.f.  is  to 
obtain  both  deflections  on  the  same  side  of  the  zero  point.  Were 
the  battery  of  higher  e.m.f.  to  be  reversed,  it  would  cause  the 
second  deflection  to  be  obtained  on  the  opposite  side  of  the  zero, 
and  if  the  instrument  were  not  perfectly  symmetrical  an  incorrect 
result  would  be  obtained.  If,  when  joined  up  in  opposition,  no 
deflection  is  obtained,  then  the  electro-motive  force  of  the 
standard  cell  will  be  the  same  as  that  of  the  battery  under  test,  or 

The  only  objection  to  the  method  is  that  in  the  first  case  the 
weaker  battery,  which  is  usually  the  standard  cell,  has  a  rather 
strong  current  flowing  through  it  which  may  lower  its  e.m.f.,  while, 
when  joined  in  opposition,  the  current  is  passing  in  the  opposite 
direction  and  will  almost  certainly  cause  a  slight  increase  in  its 
e.m.f.  In  order  to  eliminate  as  much  as  possible  this  source  of 
error,  it  is  advisable  to  introduce  a  '  key '  or  contact-maker  to  open 
and  close  the  circuit  at  will,  as  shown  in  fig.  115.  By  the  skilful 
manipulation  of  this  key  the  needle  can  be  brought  to  rest  imme- 
diately without  a  single  oscillation,  and  the  deflection  then  read 
before  any  appreciable  alteration  of  the  e.m.f.  can  take  place.  As 
a  further  precaution,  the  resistance  in  circuit  should  be  made  fairly 
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high  so  as  to  reduce  the  strength  of  the  current.  By  such  means 
the  objection  becomes  almost  entirely  obviated.  To  admit  of 
high  resistance  being  placed  in  the  circuit,  the  320"  coil  of  the 
galvanometer  should  be  used  unshunted,  and  the  magnet  placed 
rather  low  down  with  its  north  pole  pointing  northwards,  so  that 
it  will  act  in  opposition  to  the  earth's  magnetism,  and  by  thus 
weakening  the  earth's  field  increase  the  sensitiveness  of  the  instru- 
ment. 

That  the  resistance  of  the  batteries  and  galvanometer  need  not 
be  known  or  ascertained  is  evident  from  the  fact  that  they  form  part 
of  the  constant  total  resistance,  which  is  the  same  in  each  case  and 
which  need  not  enter  into  the  calculation.  This  may  be  shown 
algebraically,  for  if  we  let  r  indicate  the  total  resistance  in  circuit 
(including  batteries  and  galvanometer),  cx  the  current  in  the  first 
case  giving  deflection  d,  and  ca  the  weaker  current  giving  deflec- 
tion d9  then 

X  +  E  X  +  E 

C!  =■    T    ,  or  R=     J     , 


R  C 


1 


j  OC  ^™  E  X  mmm  E 

ana  c>  = .  or  r  = 

r  c2 

JC  *4"  E         X  ~*~  E 

Therefore =    ,  or,  since  the  currents  are  proportional 

to  the  deflections  in  tangent  divisions,  **      E  =  — -^-?. 

D  a 

Whence  dj:-de  =  ^  +  6te 

x  (d  —  d)  =  e  (d  +  d), 

D  +  d 

X=*E  — —  . 

D  —  d 

It  will  doubtless  be  remembered  that,  if  the  poles  of  a  battery 
are  joined  by  a  short  piece  of  thick  wire  having  practically  no 
resistance,  the  current  flowing  through  the  circuit  will  depend 
simply  upon  the  e.m.f.  of  the  battery  and  its  internal  resistance. 
Now,  the  thick-wire  coils  of  the  tangent  galvanometer  which  we 
have  described  are  of  very  low  resistance,  and  may  be  used  for 
the  measurement  of  the  current  which  a  battery  can  give  under 
these  conditions.  Thus,  supposing  a  battery  of  twenty  Daniell 
cells,  having  a  resistance  of  5  ohms  per  cell,  were  joined  up  to  send 
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a  current  through  one  of  the  low  resistance  coils  of  the  tangent 
galvanometer,  the  current  flowing  would  be  — ™  =  0*2158 

of  an  ampere,  and  the  current  from  one  cell,  or  100  similar  cells, 
should  be  the  same,  because  when  the  e.m.f.  is  increased  by 
increasing  the  number  of  cells,  the  internal  resistance — that  is,  the 
total  resistance  in  circuit — is  increased  in  the  same  proportion. 
A  galvanometer  with  a  very  low  resistance  coil  affords,  therefore, 
a  means  of  rapidly  testing  the  condition  of  a  number  of  similar 
batteries,  for  the  deflection  of  the  needle  will  be  decreased  if  either 
the  internal  resistance  of  any  cell  is  above,  or  the  e.m.f.  of  any 
cell  below,  the  standard.  It  is,  then,  only  necessary  to  ascertain 
the  deflection  given  by  a  cell  or  a  battery  known  to  be  in  good 
condition,  and  adopt  this  as  the  standard.  Then  if  a  battery,  say, 
of  ten  cells  give  a  current  equal  to  that  of  the  standard  cell,  it 
may  be  fairly  concluded  that  the  battery  is  in  good  condition,  but 
if  a  second  similar  battery  give  a  deflection  of  seven  or  eight 
degrees  less,  then  the  conclusion  is  that  there  is  something  wrong 
with  it ;  its  resistance  is  too  high  or  its  e.m.f.  too  low.  The  latter 
may  be  quickly  decided  by  joining  up  the  faulty  battery  in  oppo- 
sition with  the  similar  battery  known  to  be  good — that  is  to  say, 
joining  their  copper  or  positive  poles  together  and  their  zinc  or 
negative  poles  one  to  each  terminal  of  the  galvanometer.  If  they 
then  give  no  deflection,  we  know  that  their  electro-motive  forces 
are  equal,  and  the  fault  is  proved  to  be  one  of  high  resistance.  If, 
on  the  other  hand,  a  current  is  produced,  there  must  be  a  difference 
in  e.m.f.,  and  the  fact  that  the  suspected  battery  is  the  faulty  one 
would  be  demonstrated  if  the  direction  of  deflection  were  such  as 
to  prove  that  the  other  is  urging  a  current  through  it. 

But  galvanometers  with  short  thick  wire  coils  having  but  a 
few  convolutions  are  only  affected  by  very  powerful  currents,  and 
are,  as  a  rule,  only  used  where  it  is  essential  that  the  introduction  of 
the  instrument  into  any  circuit  should  have  no  appreciable  effect 
upon  the  strength  of  the  current  flowing  through  it.  When  this 
restriction  is  not  imposed  increased  accuracy  can  usually  be 
obtained  by  employing  a  more  delicate  instrument,  in  which  a  coil 
of  many  turns,  and  generally  of  fine  wire  offering  a  high  resistance, 
is  employed  ;  because,  although  the  current  through  the  galvano- 


CHAP.  VI 


LutNsden's  Test 


211 


meter  is  weakened  by  the  added  resistance,  the  effect  is  more  than 
balanced  by  the  increased  number  of  times  which  the  current 
travels  round  the  needle.  In  fact,  the  flow  of  a  very  feeble 
current  through  such  an  instrument,  or  the  maintenance  of  a  very 
low  difference  of  potential  at  its  terminals,  may  suffice  to  produce 
a  good  deflection,  while  under  similar  conditions  a  galvanometer 
with  a  thick  wire  coil  would  be  unaffected.  It  was  observed  when 
considering  the  Wheatstone  bridge  method  of  measuring  resistances 
(Chapter  V.),  that  one  great  advantage  pertaining  to  it  is,  that  in 
making  the  final  adjustment  only  a  very  weak  current  or  no 
current  at  all  passes  through  the  galvanometer.  It  is  therefore 
practicable  in  such  cases  to  use  a  very  delicate  instrument,  and,  in 
order  to  prevent  damage  being  done  to  the  needle  or  its  pivot,  or 

Fig.  116 


to  prevent  the  coils  being  fused  by  the  passage  of  a  heavy  current, 
the  coil  can  be  shunted  until  the  adjustments  are  almost  com- 
pleted. 

It  will  also  be  remembered  that  the  instrument  need  not  be 
of  any  particular  design,  since  the  final  result  is  obtained  with  the 
needle  undeflected;  a  galvanometer  such  as  this  can  also  be 
employed  in  several  methods  which  have  been  devised  for  the 
comparison  of  electro- motive  forces,  in  which  the  instrument  is 
simply  used  to  denote  the  absence  of  a  current,  and  in  which, 
therefore,  the  consequent  advantages  are  the  same  as  in  the  case 
of  the  Wheatstone  bridge.  Fig.  116  shows  the  connections  for 
one  such  method,  known  as  Lumsden's  method. 

e  is  the  standard  cell,  and  x  the  battery  whose  e.m.f.  is  to 
be  measured.     Rt  r2  are  two  sets  of  resistance  coils,  and  g  is  a 
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delicate  galvanometer.  A  certain  convenient  resistance  is  intro- 
duced into  the  circuit  by  unplugging  the  necessary  coils  in  r„  and 
the  resistance  in  r2  is  adjusted  until  the  current  ceases  to  pass 
through  the  galvanometer,  thus  showing  that  the  two  points,  s  and 
t,  have  been  brought  to  the  same  potential.     This  being  the  case 


then 


/y     •     17     *  *     D         ■     D 


therefore 


X  —  £  R^. 

As  an  example,  suppose  the  Daniell  cell  to  be  used  as  a 
standard,  and  R,  fixed  at  iooo  ohms,  while  the  potentials  at  s 
and  t  are  equalised  by  making  r3  5650  ohms,  then 

x  =  1*079  x  —    °  =  *'079  x  5*65  =  6*096  volts. 

1000 

It  will  be  observed.that  the  working  out  of  this  example  is 
simplified  on  account  of  R!  being  made  1000  ohms.  For  this 
reason  it  is  preferable  to  always  make  the  resistance  in  the  same 
arm  as  the  standard  cell  some  multiple  of  ten,  and  to  obtain  a 
balance  by  adjusting  the  other  set  of  coils. 

The  horizontal  galvanometer  designed  for  use  with  the  Wheat- 
stone  bridge  answers  very  well  for  this  test,  and,  as  will  be  seen 

from  fig.  117,  the  bridge 
itself  may  be  used  for  the 
two  sets  of  coils  and  then 
the  usual  key  can  be  em- 
ployed in  the  galvanometer 
circuit,  while  the  '  infinity ' 
plug  between  a  and  d  can 
be  used  to  break  the  battery 
circuit  and  so  to  minimise 
any  error  due  to  polarisa- 
tion. 

When  a  delicate  galva- 
nometer is  not  available, 
r,  and  r2  must  be  lower,  but  then  the  battery  resistances  become 
important  and  cannot  be  ignored.  They  may,  however,  be  elimi- 
nated by  increasing  one  of  the  resistances,  say  Rh  by  a  certain 
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amount,  say  p  ohms,  and  obtaining  a  balance  again  by  increasing 

r3  by  q  ohms. 

Then  x  :  e::q  :  p, 

therefore  x  =  e  - 


The  electro-motive  forces  are,  in  fact,  simply  proportional  to 
the  increase  of  the  original  resistances  Rj  and  R2. 

For  example,  if  after  one  balance  had  been  obtained,  we  were 
to  increase  the  resistance  rx  by  500  ohms,  and  again  obtain  a 
balance  by  adding  2852  ohms  to  R2  ;  then  p  =  500  and  Q  = 
2852,  therefore 

x=  1*079  *  ?-5£  =  6-155  volts. 

500  . 

The  proof  of  the  method  depends  upon  two  laws  demonstrated 
by  Kirchhoff,  which  may  be  briefly  explained. 

Let  the  resistance  rx  (fig.  116)  be  slightly  reduced,  so  that  the 
balance  is  upset,  then  the  currents  in  the  three  arms  will  flow  in 
the  direction  indicated  by  the  arrows. 

The  first  of  KirchhofTs  laws  (which  is  almost  self-evident  in 
the  present  simple  case)  states  that  the  current  flowing  to  the 
point  s  is  equal  to  the  sum  of  the  currents  flowing  from  it,  that  is, 

c,  =  c,  +  c    ...;...     (1). 

The  second  law  declares  that  in  any  complete  circuit,  even 
when  it  forms  part  of  a  network,  as  Rj  e  s  t,  the  sum  of  the  pro- 
ducts of  the  current  strength  in  each  arm  into  the  resistance  of 
that  arm  is  equal  to  the  sum  of  all  the  electro-motive  forces  in  the 
circuit.  That  is  to  say,  if  in  each  arm  or  portion  of  the  circuit, 
the  individual  resistance  of  that  arm  is  multiplied  by  the  strength 
of  the  current  flowing  through  that  resistance,  and  if  all  the  pro- 
ducts so  obtained  are  added  together,  then  the  sum  so  produced 
will  be  exactly  equal  to  the  sum  obtained  by  adding  together  all 
the  electro- motive  forces  in  the  various  arms  of  the  circuit. 

The  algebraical  sum  must,  of  course,  be  taken ;  for  instance, 
if  two  currents,  or  two  e.m.f.'s  are  opposite  in  direction,  one  must 
be  reckoned  a.s  p/us  and  the  other  as  minus. 
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In  the  circuit  r,  e  s  t  the  only  e.m.f.  is  that  of  the  standard 
cell,  which  we  denote  by  e,  and,  neglecting  the  internal  resistance 
of  this  cell,  we  form  the  second  equation  thus  : 

e  =  c,  r,  +  cg (2), 

g  being  the  resistance  of  the  galvanometer. 

Similarly,  in  the  circuit  r2#  st,  the  only  e.m.f.  is  x9  but  the 
currents  in  the  two  arms  are  in  opposite  directions.     Therefore 

*  =c2  r2  —  cg (3). 

By  inserting  in  (2)  the  value  of  ch  given  in  (1),  we  get 

e  =  (c2  +  c)  Rj  +  c  g, 
that  is,  E  =  C2R]  +  cr,  +  cg (4). 

From  (3),  c2  =  C  G  +  *  ; 

R2 

and,  inserting  this  value  for  c2  in  (4),  we  get 

E  =  R1(CG+^)   +   c 
R2 

R2  E  =  C  R,  G   +   R,  X  +  C  R,  R2   +   C  G  R:,  ; 

therefore  c  = Rj—  ~"  R-«  x (5). 

Rl  G  +  Rj  R2  +  R2  G 

This  equation  gives  us  the  value  of  the  current  flowing  in  the 
galvanometer  circuit  when  the  balance  is  upset,  in  terms  of  the 
various  electro-motive  forces  and  resistances.  But  in  making  the 
test  we  adjust  so  that  no  current  flows  through  the  galvanometer ; 
therefore,  when  a  balance  has  been  obtained,  c  =  o,  and,,  conse- 
quently, the  fraction  which  forms  the  right-hand  side  of  equation 
(5)  is  equal  to  o. 

Therefore,  the  numerator  of  the  fraction 

R2  e  —  R|  x  =  o, 
that  is,  r2  e  =  kx  x, (6) 

and  x  =  e  r*, 

r, 
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which  proves  the  case  when  the  battery  resistances  are  so  small  as 
to  be  negligible. 

Equation  (6)  holds  good,  in  fact,  so  long  as  r  x  and  r2  represent 
the  total  resistance  in  their  respective  arms  of  the  system. 

When  the  resistances  of  the  batteries  cannot  be  ignored,  they 
must  be  added  to  Rx  and  r2  respectively  to  make  up  the  total 
resistance  in  the  arm,  and  then  equation  (6)  becomes 

E  (r2  +  n)  =  x  (r,  +  r,) (7) 

where  rx  is  the  resistance  of  the  standard  cell,  and  r2  that  of  the 
battery  under  test.  Also,  when  Rj  is  increased  by  p  ohms,  and  r2 
by  Q  ohms, 

E  (R2  +  r2  +  Q)  =  x  (r,  +  rx  +  p), 
that  is,         e  (r2  +  r2)  +  e  q  =  x  (rx  +  rx)  +  x  p     .     .     (8). 
Subtracting  (7)  from  (8),  we    btain 

e  q  =  x  p; 

therefore  x  =  e    . 

p 

There  are  a  number  of  methods  for  the  comparison  of  electro- 
motive forces,  somewhat  similar  in  principle  to  those  just  described. 
We  have  selected  a  few  and  worked  them  out  at  length,  not  only 
because  they  are  in  themselves  interesting,  but  also  because  they 
involve,  in  a  rather  simple  form,  some  very  important  principles 
and  laws  which  the  student  will  do  well  to  master. 

We  will  now  direct  our  attention  to  a  method  based  upon 
a  somewhat  different  principle.  In  this  case,  again,  no  current 
passes  through  the  galvanometer  when  the  final  adjustment  has 
been  made,  thus  permitting  the  use  of  a  delicate  instrument.  But 
a  further  very  great  point  in  its  favour  is  the  fact  that  the  batteries 
do  not  send  any  current  while  their  e.m.f/s  are  being  actually 
compared.  Consequently  the  Latimer  Clark  cell  may  be  used  as 
a  standard  to  the  best  advantage,  and  the  true  e.m.f.  of  a  battery 
subject  to  polarisation,  like  the  Leclanche,  can  be  measured  ; 
and  further,  since  no  current  flows  through  the  batteries  or  the 
galvanometer  in  the  battery  circuit,  their  resistances  have  no  effect 
whatever,  and  need  not  therefore  be  knowa 
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If  between  the  ends  a  and  b  (fig.  118)  of  a  uniform  German- 
silver  wire  one  metre  (iooo  millimetres  or  39*37  inches)  in  length, 
a  potential  difference  of  10  volts  is  maintained,  the  fall  of  potential 
will  be  uniform,  say  from  b  to  a.  Now  it  must  be  possible,  under 
such  conditions,  to  find  a  point  in  the  wire  such  that  the  potential 
difference  between  that  point  and  the  end  a  shall  be  any  desired 
fraction  of  10  volts.  For  instance,  between  a  and  the  middle  of 
the  wire,  c,  the  difference  is  5  volts.  Furthermore,  if  the  negative 
pole  of  the  Clark  standard  cell  e  is  joined  to  the  point  a,  it  will 
assume  the  same  potential  as  that  point,  while  the  end  of  the 
wire  connected  to  the  positive  pole  will  be  1*434  vo^  above  that 
potential.  A  galvanometer  may  be  joined  up  on  either  side  of  e 
without  affecting  the  final  result,  and  if  the  free  end  of  the  wire  is 
joined  to  any  point  near  b  a  current  will  flow  through  the  galvano- 
meter g  in  opposition  to  the  standard  cell,  because  the  potential 

Fig.  118 

C 

5      6      7       8       9       19    a 
— I 1 1 1 \        *vp 


of  the  point  near  b  is  more  than  1434  volt  above  that  at  a  ; 
while,  on  the  other  hand,  if  contact  is  made  at  a  point  very  near 
to  a,  where  the  potential  is  less  than  1  '434  volt,  the  standard  cell 
will  be  able  to  maintain  a  current  through  the  galvanometer  and 
deflect  the  needle  in  the  direction  opposite  to  that  which  resulted 
from  making  contact  at  the  point  near  b.  Now,  between  these 
two  positions  a  point,  d,  may  be  found  where  the  needle  will  be 
undeflected,  showing  that  no  current  is  passing  in  either  direction 
through  the  standard  cell  and  galvanometer,  and  this  point  will  be 
such  that  the  difference  of  potential  between  it  and  a  is  equal  to 
the  maximum  difference  of  potential  which  the  standard  cell  can 
produce,  viz.  its  e.m.f.  of  1*434  volt.  Since  each  of  the  ten  equal 
parts  into  which  the  wire  is  divided  represents  a  potential  difference 
of  one  volt,  the  point  d,  at  which  a  balance  is  obtained  with  the 
standard  cell,  should  be  nearly  midway  between  1  and  2.     If  the 
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wire  is  perfectly  uniform  in  resistance,  the  fall  of  potential  will  also 
be  perfectly  uniform,  and  the  exact  position  of  the  balancing-point 
would  then  be  143  4  millimetres  from  a.  This  shows  the  ad- 
vantage of  having  a  wire  divided  into  1000  equal  divisions. 

As  another  example,  suppose  the  standard  cell  were  replaced 
by  a  battery  of  unknown  e.m.f.,  we  could  readily  find  its  e.m.f. 
by  making  contact  at  different  points  along  a  b  until  the  absence 
of  a  current  through  the  galvanometer  indicated  that  a  point  had 
been  touched  where  the  e.m.f.  is  balanced.  If  this  point  were 
970  millimetres  from  a,  then  the  e.m.f.  of  the  battery  would  be 
97  volts.  As  we  have  remarked,  the  resistance  of  the  galvano- 
meter and  battery  may  be  high  and  yet  not  affect  the  final  result. 
The  only  objection  to  high  resistance  is  that  when  the  balance  is 
nearly,  but  not  quite,  obtained,  the  potential  difference  tending 
to  send  a  current  through  the  galvanometer  is  very  small,  and  if 
the  resistance  in  the  galvanometer  circuit  is  very  high  the  resulting 
current  will  be  weak  and  may  not  be  able  to  cause  a  perceptible 
deflection  of  the  needle.  This  would  prevent  the  balancing-point 
being  found  exactly,  and  it  is  therefore  a  good  plan,  in  order  to 
avoid  such  want  of  sensitiveness,  to  employ  a  very  delicate  galva- 
nometer, and  place  a  set  of  high  resistance  coils  in  circuit  with  it. 
At  first  all  the  resistance  should  be  unplugged ;  it  can  then  be 
reduced  (by  plugging  up)  as  the  adjustment  becomes  approximately 
correct,  the  final  adjustment  being  made  with  all  the  resistance  out 
of  circuit  Injury  to  the  galvanometer  may  thus  be  avoided,  and 
the  greatest  possible  degree  of  accuracy  attained. 

It  is  clear  that  if  we  could  with  certainty  maintain  a  constant 
potential  difference  between  the  extremities  of  the  graduated  wire, 
no  standard  cell  would  be  required,  and  it  would  be  very  con- 
venient to  be  able  to  measure  e.m.f. 's  as  simply  proportional  to 
a  certain  length  of  the  wire.  It  is  difficult,  however,  to  maintain 
any  given  difference  of  potential  between  two  points  for  any  length 
of  time,  and  therefore  in  practice  a  slightly  different  arrangement 
from  that  just  described  is  adopted.  A  current  is  sent  through  the 
wire  a  b  (see  fig.  119)  from  some  fairly  constant  generator,  p,  such 
as  a  good  low  resistance  battery  or  a  few  of  the  *  secondary  cells  ' 
to  be  described  hereafter,  sufficient  to  maintain  between  a  and  b 
a  potential  difference  greater  than  that  of  the  highest  e.m.f.  to 
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be  measured.  The  wire  is  stretched  over  a  scale  divided  into 
a  thousand  parts,  and  therefore,  if  of  uniform  gauge  and  material, 
the  fall  of  potential  along  one  of  these  units  is  equal  to  a  thousandth 
part  of  the  fall  along  the  whole  wire.  The  Clark  cell,  e,  and  the 
battery  to  be  measured,  xy  are  joined  up  with  their  negative  poles 
connected  through  a  galvanometer,  g,  and  a  set  of  resistance  coils, 
R,  to  the  point  a,  as  shown  in  fig.  119.  Their  other  poles  are  con- 
nected to  sliders,  by  means  of  which  contact  may  be  quickly  made 
with  any  point  along  the  wire.  The  whole  of  the  resistance  is 
put  in  circuit  at  first,  and  the  slider  connected  to  the  standard 
battery  is  shifted  along  until  a  point  is  found  where  the  deflection 
on  the  galvanometer  is  very  slight  when  contact  is  made  with  the 


wire  a  b.  The  resistance  r  is  then  gradually  reduced  until  the 
exact  point  (d)  is  found.  The  distance  from  a  to  d  must  be 
carefully  noted,  and  then  a  point,  f,  at  which  the  E.M.F.  of 
the  battery  x  is  balanced,  is  found  in  a  similar  manner.  Now, 
the  potential  difference  between  a  and  d  is  equal  to  the  e.m.f. 
of  the  standard  cell — that  is,  1*434  volt — and  the  potential 
difference  between  a  and  f  is  equal  to  the  e.m.f.  of  the  battery  x. 

Therefore 

ad:af::e;x 

Suppose  a  d  to  be  120,  and  a  f  685,  divisions  ;  then 

120  :  685  ::  1434  :  x ; 

therefore  x  =  685  x  I  "434  =  g.ig  volts 
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It  will  thus  be  seen  that  it  is  unnecessary  to  maintain  any 
particular  potential  difference  per  unit  of  length  of  the  wire,  for 
this  can  be  readily  found  by  means  of  the  standard  cell.  But  it 
is  advisable,  after  the  adjustments  have  been  made  as  above,  to 
verify  the  result  by  making  contact  with  both  sliders  at  almost  the 
same  moment,  in  order  to  ascertain  whether  or  not  the  fall  of 
potential  has  varied  during  the  test. 

In  fact,  one  great  feature  in  favour  of  this  arrangement  is  that 
the  test  may  so  be  made  that  a  slight  variation  of  the  potential 
difference  at  the  ends  of  the  stretched  wire  need  not  cause  any  error  ; 
the  source  of  inaccuracy  which  has  most  to  be  guarded  against  is 
a  want  of  uniformity  in  the  wire  itself.  By  using  a  Imv  resistance 
battery  a  greater  proportion  of  the  fall  of  potential  takes  place  in 
the  external  circuit — that  is,  along  the  stretched  wire — than  when 
a  high  resistance  battery  is  employed;  hence  the  suitability  of 
secondary  cells  for  this  purpose.  A  greater  length  of  wire  may  be 
conveniently  obtained  by  stretching  it  backwards  and  forwards 
several  times  upon  a  board.  An  instrument  based  upon  the 
foregoing  principles  for  measuring  potential  differences  is  com- 
monly called  a  potentiometer.  The  wire  is  sometimes  wound  in 
a  spiral  groove  round  an  ebonite  cylinder,  and,  when  made  in 
this  form,  it  can  easily  be  divided  into  20,000  parts,  but  this  type 
is  rarely  used  for  practical  work. 

A  very  ingenious  and  useful  development  of  the  principle  is 
involved  in  Crompton's  potentiometer,  which  is  designed  for 
measuring  relatively  high  potential  differences,  such,  for  example, 
as  are  in  general  use  for  public  lighting  and  power  services. 
Fig.  120  illustrates  the  arrangement  a  b  are  the  mains  carrying 
the  current  whose  potential  difference  it  is  desired  to  measure. 
These  are  connected  by  wires  to  b  £,  which  are  the  ends  of  a  long 
and  high  resistance  wire,  and  of  which  cc  is  a  known  and  definite 
fraction,  say  one-hundredth  or  one-thousandth  part,  ee  is  the 
equivalent  of  the  potentiometer  wire — that  is  to  say,  it  is  a  wire 
of  uniform  gauge  and  of  high  specific  resistance,  and  is  connected 
to  an  approximately  steady  source  of  e.m.f.,  such  as  a  secondary 
cell  or  battery.  There  is  therefore  a  uniform  fall  of  potential 
along  this  wire,  s  is  a  standard  cell,  such  as  the  Clark  or  the 
Cadmium  cell,  which  is  joined  in  series  with  the  galvanometer 
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k  may  now  be  moved  so  as  to  bring  the  levers  on  to  the  second 
blocks  of  x  y,  and  Q  R  moved  until  no  deflection  of  G  is  obtained 
on  the  full  depression  of  l.  Let  us  suppose  that  this  results 
when  q  is  on  i  *2  and  r  is  on  '07,  then  the  potential  difference 
between  m  n  will  be  1*27  volt,  and  if  the  blocks  of  x  y  are  con- 
nected to  a  resistance  coil  which  (corresponding  to  c  c  of  fig.  120) 
absorbs  one-hundredth  part  of  the  e.m.f.  to  be  measured,  it 
follows  that  that  e.m.f.  is  127  volts.  If,  however,  the  blocks  on 
x  y  represent  only  one- thousandth  of  the  potential  difference  to 
be  measured,  and  a  zero  reading  of  G  is  obtained  when  q  is  on  '6 
and  r  is  on  *oi,  the  e.m.f.  between  x  and  y  is  *6i  and  the  total 
e.m.f.  of  the  circuit  in  question  is  61  x  1000  =  610  volts. 

The  instrument  is  not  in  the  ordinary  sense  of  the  word  direct 
reading,  but  it  is  so  carefully  made,  and  the  operation  is  so  simple, 
that  it  can  easily  be  used  as  a  standard  instrument  for  the  calibra- 
tion and  verification  of  other  and  mechanically  simpler  forms  of 
apparatus  which  can  be  used  for  direct-reading  purposes.  It  may 
also  suggest  itself  to  the  student  that  by  making  the  resistance 
corresponding  to  ccfig.  120  of  substantial  dimensions,  the  principle 
can  be  applied  for  the  purpose  of  measuring  current  strength.  In 
the  actual  instrument  a  number  of  refinements  are  introduced 
which  we  need  not  detail,  but  it  is  interesting  to  note  that  when 
the  resistances  are  adjusted  so  as  to  give  values  in  volts  direct,  the 
maximum  range  is  1*5  volt  reading"  in  thousandths  of  a  volt,  and 
by  inspection  to  ten-thousandths. 

In  all  the  preceding  methods  potential  difference  is  measured 
indirectly  or  by  comparison  with  a  standard.  Instruments  have, 
however,  been  devised  which  indicate  directly,  in  volts,  the  differ- 
ence of  potential  between  any  two  points  ;  such  instruments  are 
called  voltmeters.  That  invented  by  Major  Cardew  is  simple  in 
principle,  depending  upon  the  elongation  of  a  wire  when  heated 
by  a  current,  and  although  it  is  not  now  used  in  practice  to 
any  appreciable  extent,  the  principle  is  sufficiently  instructive  to 
warrant  a  detailed  description. 

If  a  wire  is  heated  it  increases  in  length.  This  linear 
expansion  or  extension  is  proportional  to  the  product  of  the  rise 
in  temperature  and  the  coefficient  of  expansion  for  the  particular 
wire.     The  coefficient  of   linear   expansion  is  defined   as    the 
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elongation  of  a  body  of  unit  length  when  its  temperature  rises 
from  zero  to  one  degree  (Centigrade),  and  this  coefficient  or 
proportional  extension  in  the  case  of  platinum,  for  example,  is 
0*0000088,  so  that,  for  an  increase  in  temperature  of  io°  C,  a 
yard  of  platinum  wire  would  be  extended  to  1 -000088  yard.  By 
measuring  the  amount  of  extension  produced  by  heating  a  wire, 
the  increased  temperature  can  therefore  be  inferred,  and  this  is  the 
basis  on  which  the  Cardew  voltmeter  was  designed. 

Now,  when  a  current  of  electricity  passes  through  a  wire  it 
performs  a  certain  amount  of  work  in  overcoming  its  resistance, 
and  the  generation  of  heat  is  the  result  The  rise  in  temperature 
resulting  from  the  generation  of  a  certain  amount  of  heat  does  not, 
however,  bear  a  simple  ratio  to  that  amount  of  heat.  It  depends, 
in  fact,  upon  the  time  or  duration  of  the  current,  and  upon  the 
specific  heat  or  calorific  capacity  of  the  particular  substance.  The 
former  of  these  factors  is  so  very  apparent  that  we  need  not  further 
enlarge  upon  it.  The  specific  heat  of  a  body  is  defined  as  that 
quantity  of  heat  which  it  absorbs  when  its  temperature  rises 
through  a  given  range — say  from  zero  to  i°  C. — as  compared  with 
the  quantity  of  heat  which  would  be  absorbed  by  an  equal  mass 
of  water  when  its  temperature  is  exalted  through  the  same  range. 
If,  for  example,  a  pound  of  mercury  at  ioo°  C.  is  mixed  with,  or 
placed  in,  a  pound  of  water  at  zero,  the  temperature  of  the  mixture 
will  be  only  30  C,  so  that,  while  the  mercury  has  lost  970,  the 
equal  mass  of  water  has  only  increased  30,  or,  in  simple  language, 
a  quantity  of  water  absorbs  about  thirty-two  times  as  much  heat 
as  an  equal  weight  of  mercury,  in  undergoing  the  same  exaltation 
of  temperature.  The  specific  heat  of  water  being  taken  as  unity, 
that  of  mercury  is  in  fact  0*03332.  Similarly,  the  specific  heat  of 
platinum  is  003244. 

The  variation  in  the  temperature  of  a  wire  due  to  an  increment 
or  decrement  of  heat  depends  also  upon  its  weight  or  its  sectional 
area,  for  it  will  be  evident  that  if  two  wires  of  similar  material  and 
of  equal  resistance,  but  of  different  gauge  or  different  weight — 
such,  for  example,  as  a  given  length  of  platinum  wire  weighing  one 
gramme,  and  another  platinum  wire,  twice  as  long,  but  weighing 
four  grammes  (offering,  therefore,  equal  resistances) — have  the 
same  current  passed  through  them,  they  will  not  be  raised  to  the 
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same  temperature,  although  the  amount  of  heat  actually  developed 
will  be  the  same  in  each  case.  This  follows  from  the  fact  that  in 
the  one  case  there  is  more  material  to  heat  than  in  the  other. 

When  a  current  of  electricity  passes  through  a  wire,  and,  as  we 
have  said,  performs  a  certain  amount  of  work  in  overcoming  its 
resistance,  the  equivalent  of  the  quantity  of  energy  absorbed  in 
the  performance  of  this  work  is  seen  in  the  development  of  a 
definite  amount  of  heat  which  is  imparted  to  the  wire.  The  heat 
(h)  developed  in  a  unit  of  time  is,  in  fact,  directly  proportional  to 
the  amount  of  power  expended  in  overcoming  the  resistance  of 
the  conductor — that  is  to  say,  it  is  proportional  to  the  product  of 
the  difference  of  potential,  e,  between  its  extremities,  into  the 
strength  of  the  current,  c,  which  is  maintained  through  it ;  or  h 
varies  as  e  x  c.  If,  however,  the  resistance  of  the  wire  remains 
constant,  the  value  of  c  varies  directly  as  e  ;  consequently  by 
doubling  e,  c  is  also  doubled,  and  the  heat  developed  varies 
therefore  as  the  square  of  e. 

Again,  the  heat  unit  is  defined  as  that  amount  of  heat  which  is 
required  to  raise  i  gramme  of  water  through  i°  C.  in  temperature, 
and  a  potential  difference  of  i  volt  maintained  through  a  resistance 
of  i  ohm  develops  02  4  such  heat  units  ^>er  second — that  is  to  say, 
the  number  of  heat  units,  h,  developed  in  /  seconds,  is 

H  =  0'24  x  EC/. 

As  e  =  c  r,  it  follows  that  e  c  =  c2  r,  so  that  the  formula 
may  also  be  expressed  by  saying  that 

h  =  0-24  x  c'2  r  /. 

Collecting  all  these  facts  into  one  simple  formula,  where  T° 
represents  the  rise  in  temperature  in  Centigrade  degrees,  e  the 
potential  difference  in  volts,  c  the  current  strength  in  amperes, 
/  the  time  in  seconds,  h  the  specific  heat,  g  the  weight  of  the 
metal  in  grammes,  and  0*24  the  constant  which,  as  pointed  out 
above,  is  necessary  to  obtain  a  result  on  the  Centigrade  scale,  we 

E  C  /  C2  R  / 

may  say  that  t°  =  0*24  x  —  -  =  0*24  x  — =-  ; 

g"  g* 

so  that  in  the  ideal  (but  actually  impossible)  case  of  a  current  of 
-i  ampere  flowing  for  1  second  through  1  gramme  of  water  (whose 
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specific  heat  is  i*o),  and  offering  1  ohm  resistance,  involving, 
therefore,  a  potential  difference  of  1  volt,  the  water  would,  if  all 
the  energy  expended  were  devoted  to  the  generation  of  heat,  be 
raised  0*24°  C.  in  temperature. 

Similarly,  if  the  same  current  were  maintained  through  a 
platinum  wire  of  the  same  weight  and  resistance,  the  increase  of 
temperature  would  be 

t°  =  024  x  — -'  =  024  x     -x  i--—  =  024  x 


gh  ix  0-03244  0-03244 

=  7-4°  C,  nearlv. 

The  coefficient  of  linear  expansion  for  platinum  being 
o '0000088,  it  follows  that  with  a  wire  100  inches  long  the  elonga- 
tion produced  by  an  increase  in  temperature  from  o°  C.  to  7*4°  C. 
would  increase  the  length  of  the  wire  to 

100  +  (7*4  x  100  x  0-0000088)  =  100*006512  inches. 

In  the  Cardew  voltmeter  a  length  of  very  fine  platinum-silver 
wire  is  employed,  and  is  heated  by  the  passage  of  the  currents 
whose  e.m.f.  it  is  desired  to  test.  In  each  test,  therefore,  g  and  h 
retain  the  same  values,  and  by  limiting  the  increase  of  temperature 
between  the  points  of  lowest  and  highest  reading  to  a  few  degrees, 
the  very  slight  variation  of  r  also  becomes  a  negligible  quantity. 
Similarly,  by  employing  a  fine  wire,  it  speedily  rises  to  such  a 
temperature  that,  with  any  given  current,  the  loss  of  heat  due  to 
radiation  equals  in  amount  that  which  is  developed  by  the  current. 
The  only  really  variable  quantities,  therefore,  are  e  and  c.  But, 
as  already  pointed  out,  c  varies  uniformly  with  e,  and  if  the 
facilities  for  radiation  remain  the  same,  the  increase  of  tempera- 
ture, and  with  it  the  elongation,  will  always  be  the  same  for  any 
given  value  of  e.  Hence,  the  amount  of  elongation  can  be  made 
to  indicate  the  potential  difference  maintained  between  the  ex- 
tremities of  the  wire. 

Simple  as  the  principle  is,  the  construction  of  a  reliable 
practical  instrument  proved  to  be  a  matter  of  considerable 
difficulty,  and  an  enormous  amount  of  experimental  work  was 
performed  in  determining  the  sources  of  error  to  which  a 
Cardew  voltmeter  was  liable.    Fig.  122  illustrates  one  form  of  this 
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instrument.  The  outer  casing  is  removed  to  show  the  essential 
parts  as  viewed  from  the  back. 

The  platinum-silver  wire  is  o'oo25  inch  (2  J  mils)  in  diameter, 
and  is  fixed  at  one  end  to  the  small  brass  block  m.  Thence  it 
is  led  round  one  of  two  grooved  pulleys  supported  by  a  ring  at 
the  ends  of  two  metal  rods,  g  h,  which  are  about  36  inches  long, 
and  are  fixed  to  the  brass  base-plate.  From  this  pulley  the  wire 
returns,  and  is  passed  round  a  small  pulley,  c ;  thence  it  is  led  to 
the  second  pulley  at  the  top  of  the  rods,  and  is  .finally  terminated 
at  the  small  brass  block  n.  The  brass  pieces  m  and  n  are  sup- 
ported by  the  insulating  block  of  varnished  vulcanised  fibre,  which 
is  securely  fastened  to  the  brass  base-plate,  and  m  and  n  are  con- 
nected each  to  one  of  the  main  terminals  of  the  instrument, 
which  are  insulated  by  ebonite  or  fibre  collars  from  the  brass 
casing.  The  wire  passes  round  the  pulleys  at  the  top  of  the 
rods  in  such  a  manner  that  a  pull  at  c  on  the  two  centre  wires 
causes  both  pulleys  to  rotate  in  the  same  direction,  and,  the 
spindle  being  pivoted  in  jewelled  holes,  the  friction  is  reduced  to 
a  minimum. 

The  small  part,  c,  referred  to  as  a  pulley,  only  acts  as  such 
during  the  wiring  of  the  instrument,  as  the  extension  of  the  wire 
when  the  apparatus  is  subsequently  used  does  not  cause  it  to 
rotate.  It  is  made  of  vulcanised  fibre,  with  a  small  groove  round 
its  circumference  in  which  the  wire  lies,  and  is  fixed  by  a  small 
screw  passing  loosely  through  its  centre  to  one  end  of  the  thin 
brass  strip  t,  the  other  end  of  which  has  attached  to  it  a  fine 
platinum-silver  wire,  w,  connected  to  the  spiral  spring  s.  The 
tension  of  this  spring,  which  can  be  varied  by  means  of  the 
adjusting  screw  a,  keeps  the  wires  taut,  and  when  the  main  ter- 
minals are  connected  to  points  in  a  circuit  at  different  potentials, 
a  current  passes — say  to  the  block  m—  up  the  wire,  and  round  the 
first  pulley  back  to  the  insulating  reel  c ;  thence  again  to  the  top 
of  the  instrument,  round  the  second  pulley,  and  back  by  way  of  n 
to  the  other  terminal.  This  current  heats  the  wire,  which  expands, 
and  the  slack  is  immediately  taken  up  by  the  spiral  spring  s,  so 
that  the  small  brass  strip  t  and  the  wire  w  are  moved  through  a 
distance  equal  to  the  expansion  of  two  lengths  of  the  heated  wire. 
The  amount  of  expansion  (and  therefore  of  the  potential  difference 
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applied)  is  measured  by  observing  the  distance  through  which  the 
length  of  wire  w  is  moved ;  but,  as  this  distance  is,  at  the  most, 
extremely  small,  some  mechanical  multiplying  arrangement  is 
necessary,  and,  since  the  force  producing  the  movement  is  also 
very  feeble,  care  has  to  be  exercised  in  avoiding  the  introduction  of 
any  appreciable  friction.  These  results  are  attained  by  the  use  of 
a  jewelled  watch  movement.  The  wire  w  is  led  round  a  small 
pulley,  /,  fixed  upon  the  same  spindle  as  a  toothed  wheel,  r,  which 
gears  into  a  small  pinion,  the  spindle  of  which  carries  a  long 
needle  or  pointer,  passing  over  a  scale-plate  at  the  back  of,  and 
not  visible  in,  the  figure.  When  the  wire  is  extended  by  the 
current,  the  spring  s  causes  the  pulley  /  to  turn  through  a  small 
angle,  and  with  it  also  the  wheel  r,  the  pinion,  and  the  pointer ; 
and,  as  the  diameter  of  the  wheel  is  much  greater  than  that  of  the 
pinion,  the  pointer  is  turned  through  a  large  angle  by  a  compara- 
tively small  extension  of  the  wire. 

The  passing  of  the  wire  w  round  the  pulley  so  as  to,  get  a  reli- 
able grip,  and  at  the  same  time  avoid  friction  or  risk  of  damage  to 
the  fine  wire,  is  a  more  difficult  matter  than  might  at  first  sight 
appear.  The  pulley  is  shown  separately  at  b.  It  has  two 
narrow  parallel  grooves  round  its  circumference,  at  one  part  of 
which  (where  it  is  filed  away  flat)  two  set-screws  are  fixed,  both 
screwed  up  home.  The  wire  is  led  from  t  round  the  first  groove 
to  the  screw-heads,  between  which  it  passes  over  to  the  second 
groove,  in  which  it  completes  its  journey  round  the  pulley,  and  is 
then  led  to  the  spiral  spring. 

The  wire  is  so  fine  that  it  would  not  bear  being  pinched  under 
the  screw-heads,  but  the  arrangement  described  effectually  over- 
comes any  tendency  to  slip  ;  and  as  the  pulley  only  moves  through 
a  small  angle,  never  making  a  complete  revolution,  no  sensible 
friction  is  introduced.  Considerable  importance  attaches  to  the 
shape  of  the  spiral  spring  s  and  to  the  material  of  which  it  is 
composed.  It  is  necessary  that  the  tension  of  this  spring  should 
remain  constant;  and  the  difficulty  has  been  surmounted  by 
(a)  choosing  a  spring  little  liable  to  vary,  spiral  in  form,  and  of 
German  silver,  and  (p)  providing  a  thumbscrew  a  on  the  outside 
of  the  case,  by  turning  which  the  pointer  can,  in  the  event  of  any 
variation,  be  readily  restored  to  zero. 
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Although  there  are  four  straight  lengths  of  wire  equally  heated, 
it  will  be  remembered  that,  since  c  does  not  rotate,  the  elongation 
measured  is  equal  to  that  of  only  two  lengths,  for  the  movement 
would  be  the  same  as  if  one  of  the  wires  were  rigidly  fixed  to  it 
and  the  other  removed.  But  it  will  be  noticed  that  the  tension 
due  to  the  spiral  spring  is  equally  distributed  between  the  two 
wires  leading  from  c,  and  this  affords  the  advantage  that  double 
the  tension  can  be  given  to  the  spring,  which  means  that  the 
force  with  which  the  pulley/  is  turned  can  be  doubled,  and  any 
slight  error  due  to  friction  correspondingly  reduced,  without,  at 
the  same  time,  necessitating  the  adoption  of  a  comparatively 
thick  wire.  The  wheel  work  is  well  made,  but  it  is,  of  course, 
impossible  to  altogether  avoid  '  back  lash ' — that  is  to  say,  as  the 
teeth  of  the  driving-wheel  do  not  fit  tightly  between  the  teeth  of 
the  pinion,  the  latter  does  not  begin  to  move  absolutely  at  the 
same  moment  that  the  driving-wheel  does  when  the  motion  of  the 
latter  is  reversed.  To  avoid  the  slight  error  which  this  might 
cause,  a  hair-spring  is  fixed  to  the  pinion  spindle.  This  spring 
is  visible  in  fig.  122,  the  pinion  being  immediately  behind,  and 
therefore  hidden  by  it.  It  is  adjusted  so  as  to  maintain  suffi- 
cient pressure  between  the  teeth  of  the  wheel  and  pinion  to  keep 
them  always  in  contact,  so  that  in  either  direction  the  two  move 
simultaneously. 

The  whole  of  the  casing  is  of  brass ;  but  the  rods  {g  >&,  fig.  122) 
cannot  be  made  of  that  metal,  as,  its  coefficient  of  expansion 
being  higher  than  that  of  platinum-silver,  it,  would  expand  more 
than  the  wire  with  any  rise  of  temperature,  atmospheric  or  other- 
wise, and  cause  a  deflection  of  the  pointer.  On  account  of  the 
expense,  platinum-silver  cannot  be  employed  for  these  rods. 
Iron  has,  however,  a  lower  coefficient  of  expansion  than  the  wire, 
and  the  rods  are  therefore  made  partly  of  iron  and  partly  of  brass, 
the  length  of  these  parts  being  so  proportioned  that  the  greater 
expansion  or  contraction  of  the  brass  shall  be  neutralised  by  the 
lesser  expansion  or  contraction  of  the  iron,  and  the  whole  rod  vary 
in  length  in  exactly  the  same  proportion  as  the  wire  itself.  The 
wires  are  encased  throughout  their  length  by  a  brass  tube,  which 
can  be  removed,  and  the  arrangement  of  the  pulleys,  together 
with  an  opening  in  the  supporting  ring  to  which  they  are  attached, 
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facilitates  the  re-wiring  of  the  instrument.  In  order  to  prevent 
damage  to  the  working  wire  by  the  accidental  passage  of  a  too- 
powerful  current,  a  safety  fuse  is  inserted  in  series  with  it,  con- 
sisting of  a  short  length  of  platinum-silver  wire,  0*0014  inch 
(if  mils)  in  diameter,  which  fuses  and  breaks  the  circuit  before 
the  current  attains  sufficient  strength  to  fuse  the  thicker  working 
wire.  This  fuse-wire  is  placed  in  a  saw-cut  along  the  face  of  a 
rectangular  strip  of  vulcanised  fibre,  each  end  being  terminated 
at  a  round-headed  brass  screw  in  the  end  of  the  block,  which  is 
firmly  held  between  two  flat  springs  making  contact  with  the 
screw-heads,  one  spring  being  connected  to  m  and  the  other  to  the 
left-hand  terminal.  Connection  between  n  and  the  other  terminal 
is  made  by  a  stout,  stiff  wire. 

The  voltmeter  illustrated  is  capable  of  measuring  from  30 
to  120  volts.  As  it  is  the  heating  of  the  wire  which  affords  a 
measure  of  the  electro- motive  force,  the  *  heating-error '  peculiar 
to  most  of  the  voltmeters  in  use  when  the  Cardew  was  designed 
is  here  entirely  absent.  For  the  same  reason,  the  reading  is 
unaffected  by  the  presence  of  external  currents  or  any  electro- 
magnetic field,  and,  as  iron  is  not  employed  and  the  wire  is  not 
coiled,  its  self-induction  is  practically  nil.  Hence,  alternating 
potential  differences  can  be  measured  ;  but  it  must  be  remembered 
that  this  same  absence  of  self-induction  in  the  instrument,  in 
allowing  a  current  to  rise  suddenly  to  its  full  value,  limits  the 
range  through  which  the  fuse  can  protect  the  working  wire  ;  for 
although  the  fuse  acts  with  certainty  if  the  current  rises  at  all 
gradually,  a  very  sudden  application  of  a  very  high  e.m.f.  would 
develop  a  heavy  current  instantaneously,  fuse  and  wire  being 
melted  simultaneously,  and  this  was  one  of  the  main  causes  which 
led  to  the  substitution  of  instruments  of  other  types.  Another 
reason  was  the  size  of  the  instrument  and  the  inordinate  amount  of 
space  occupied. 

Although  the  instruments  are  made  to  register  up  to  120  volts 
only,  the  values  of  the  readings  can  be  increased  by  inserting 
in  the  circuit,  in  series  with  the  voltmeter,  resistance  coils  of 
various  multiplying  powers.  Thus,  if  a  coil  equal  in  resistance 
to  the  wire  in  the  voltmeter  were  introduced,  it  would  exactly 
halve  the  potential  difference  of  the  circuit  at  the  terminals  of 
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the  voltmeter  due  to  any  particular  e.m.f.  Manifestly,  such  a 
coil  would  have  a  multiplying  power  of  two,  while  a  coil  of  three 
times  the  resistance  would  reduce  the  proportion  of  potential 
difference  absorbed  by  the  voltmeter  to  one-fourth,  and  therefore 
have  a  multiplying  power  of  four.  These  resistance  coils,  how- 
ever, must  not  be  of  the  ordinary  type.  The  wire  should  be 
of  platinum-silver,  of  the  same  gauge  as  in  the  voltmeter,  and 
in  order  to  produce  equal  facilities  for  radiation  it  should  be 
bare,  and,  for  convenience,  it  may  be  stretched  in  tubes  similar 
to  those  employed  in  the  voltmeter  itself,  or  it  may  be 
stretched  over  a  rectangular  framework  made  by  attaching  two 
rods  of  slate  to  a  couple  of  strips  of  wood  or  iron,  notches 
being  made  in  the  slate  to  receive  the  wire  and  prevent  one 
portion  slipping  into  contact  with  another.  The  wire  and  frame- 
work are  in  the  latter  case  enclosed  by  pieces  of  thin  sheet 
iron. 

The  ordinary  Cardew  voltmeter  is  not  suitable  for  the  indica- 
tion of  low  potential  differences,  owing  to  the  exceedingly  small 
elongation  due  to  the  slight  rise  in  temperature,  and  the  conse- 
quent vagueness  of  the  readings  which  would  result  therefrom. 
Several  modifications  have  been  devised  for  this  purpose  by  the 
original  inventor  and  by  a  number  of  others,  prominent  among 
whom  were  Professors  Ayrton  and  Perry,  whose  instrument  was 
capable  of  indicating  small  fractions  of  a  volt.  These  instruments 
in  common  with  other  *  hot-wire  '  voltmeters,  have,  however,  now 
fallen  into  disuse,  and  as  the  underlying  principle  was  the  same  in 
all  of  them,  further  descriptions  are  perhaps  unnecessary. 

We  come  now  to  a  consideration  of  the  means  adopted  to 
convert  the  instruments  which  we  described  in  Chapter  IV.  as 
available  for  the  measurement  of  current  strength,  and  which 
are  called  ammeters,  so  that  they  can  be  employed  as  voltmeters. 

An  ammeter  measures  directly  the  strength  of  the  current 
flowing  through  its  coils,  and  this  current  is  proportional  to  the 
difference  of  potential  at  the  terminals  of  the  instrument.  It 
might,  therefore,  at  first  sight  appear  that  any  ammeter  could  be 
used  to  measure  the  potential  difference  between  any  two  points 
by  simply  joining  it  up  to  them,  observing  the  strength  of  the 
current  flowing,  and  from  that  inferring  the  difference  of  potential 
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which  maintains  it.     It  is  evident  that  to  measure  the  potential 
difference  between  two  points  it  is  essential  that  the  terminals  of 
the  instrument  should  be  joined  directly  to  those  points.     But 
the  very  act  of  connecting  two  points  in  a  circuit  by  a  low  resist- 
ance ammeter  would  alter  the  distribution  of  the  potential  differ- 
ence considerably.     Let  us  suppose,  for  example,  that  it  is  desired 
that  an  instrument  of  low  resistance  shall  be  used  to  measure  the 
electro-motive  force  of  a  primary  battery,  of  appreciable  internal 
resistance.     Then  the  potential  difference  which  is  measured  by 
joining  the  instrument  to  the  terminals  of  the  battery  is  not  equal 
to  the  e.m.f.   of  the  battery,  but  only  to  the  fall  of  potential 
through  the  instrument,  and  this  fall  will  bear  to  the  e.m.f.  of  the 
battery  the  same  proportion  which  the  resistance  of  the  instrument 
bears  to  the  resistance  of  the  battery.     If,  for  example,  the  e.m.f.  of 
the  battery  is  50  volts  and  its  internal  resistance  99  ohms,  while 
the  resistance  of  the  ammeter  is,  say,  for  simplicity  sake,  one  ohm, 
then  the  total  resistance  in  circuit  will  be  100  ohms,  and,   re- 
membering what  was  said  in  the  concluding  pages  of  Chapter  III., 
the  student  will  perceive  that  as  the  external  resistance  is  only 

of  the  total,  only  —  of  the  e.m.f.  will  be  expended  upon 

100  100 

that  resistance.     In  other  words,  the  potential  difference  which 

will    be    measurable    will    be    only of  the  total  e.m.f.,  or 

100 

-^—  =  0*5  volt,  the  remaining  49*5  volts  being  absorbed  in  over- 
100 

coming  the  resistance  of  the  battery  itself.     Again,  if  the  battery 

is  already   supplying  current  to  any  particular  circuit,  and  it  is 

desired  to  measure  the  potential  difference  at  the  terminals  of 

that  circuit,  the  measuring  instrument  would  have  to  be  joined 

across  the  terminals  of  the  circuit,  and  would  therefore  form  a 

shunt  to  it,  and  if  the  instrument  had  a  low  resistance  it  would 

manifestly  reduce  the  strength  of  the  current  flowing  through  the 

original  circuit;   or,  in  other  words,  the  very  act  of  joining  up 

the  instrument  to  measure  the  potential  difference  would  lower 

that  potential  difference  which  it  is  desired  to  measure. 

Consequently,  although  the  ammeter  so  placed  might  correctly 

indicate  the  potential  difference  between  the  two,  points  after  they 
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were  so  joined,  it  would  give  no  information  J  as  to  their  condition 
before.  For  instance,  if  a  piece  of  German-silver  wire,  having  a 
resistance  of  5  ohms,  forms  part  of  a  circuit  through  which  a 
current  of  4  amperes  is  flowing,  we  know,  since  e  =  c  x  R,  that 
the  difference  of  potential  between  the  extremities  of  the  wire  is 
4  X  5  =  20  volts.  If  we  proceed  to  measure  these  volts,  by 
connecting  an  ammeter  having  a  fraction  of  an  ohm  resistance  to 
the  ends  of  the  wire,  we  shall,  assuming  the  remainder  of  the 
circuit  including  the  battery  to  have  an  appreciable  resistance,  get 
much  less  than  20  volts,  for  the  resistance,  and  therefore  the  fall 
of  potential,  in  that  portion  of  the  circuit,  will  have  been  con- 
siderably lowered.  Although  the  total  current  in  the  main  circuit 
will  be  increased  by  this  lowering  of  the  total  resistance,  the 
ammeter  resistance  is  so  low  that  it  shunts  the  greater  part  of  the 
current  from  the  German- silver  wire;  and  supposing  that,  in 
consequence,  only  half  an  ajnpere  flows  through  that  wire,  the 
potential  difference  at  its  ends  will  be  c  x  R  =  *5  x  5  =  2*5  volts 
only,  instead  of  20,  and  of  course  there  would  be  this  decreased 
potential  difference  at  the  terminals  of,  and  indicated  by,  the 
ammeter.  There  is,  however,  another  consideration  which  will 
no  doubt  prove  instructive  :  let  us  assume  that  the  German-silver 
wire  is  joined  direct  to  the  terminals  of  a  dynamo  or  secondary 
battery  of  very  low  resistance,  and  of  sufficient  electro-motive 
force  to  maintain  a  potential  difference  of  20  volts  at  the  extremi- 
ties of  the  wire  even  when  we  also  join  to  the  terminals  referred 
to  one  of  the  ampere  gauges  described  in  Chapter  IV.  Let  the 
instrument  be  capable  of  carrying  and  indicating  250  amperes  of 
current,  and  let  it  be  assumed  that  the  power  absorbed  is  ten 
watts.     Now  the  number  of  watts  (w)  is  equal  to  e  x  c,  or 

W  =  EC  =  E    X    250  =   IO 

therefore  e  =  -    =    -    =  0*04  volt, 

c        250 

that  is  to  say,  the  difference  of  potential  between  the  terminals  of 
the  instrument  when  it  is  carrying  the  full  current  of  250  amperes 

is  only  0*04  volt,  but  resistance  is  equal  to  -,  that  is,  to  the  poten- 
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tial  difference  divided  by  the  current  which  that  potential  difference 
can  maintain  j  therefore  the  resistance  of  the  instrument  is 

e        0*04  ,     v 

r  =      =  -    ^  =  0*00016  ohm. 

c        250 

It  follows  that  if  we  were  able  to  maintain  a  potential  difference 
of  20  volts  across  the  terminals  of  such  an  instrument  the  current 

would  be 

e  20 

c  =  -  =  ,  =  125,000  amperes. 

r       0*00016 

An  instrument  capable  of  carrying  such  a  current  has  not  yet 
been  made,  neither  has  the  dynamo  or  battery  been  constructed 
which  would  be  capable  of  developing  such  a  current  The 
result  of  joining  up  the  ammeter  in  the  way  suggested  would 
result  in  the  burning  up  of  the  instrument,  unless  the  dynamo 
happened  to  succumb  first. 

Obviously,  in  order  that  the  introduction  of  the  instrument 
should  make  absolutely  no  alteration,  no  current  at  all  should 
flow  through  it ;  and  although,  as  we  shall  see  presently,  there  are 
instruments  which  satisfy  this  condition,  some  of  them  are  only 
suitable  for  use  in  the  laboratory.  If,  however,  we  take  any 
ordinary  ammeter,  and  wind  it  with  a  large  number  of  turns  of 
fine  wire,  so  that  it  has  a  very  high  resistance,  it  can  be  used  as  a 
voltmeter;  for  its  resistance  will  be  too  great,  and  the  current 
which  passes  through  it  will  be  too  small,  to  make  any  sensible 
alteration  in  the  potential  difference  which  it  is  measuring ;  while, 
on  the  other  hand,  the  large  number  of  turns  of  wire  will  allow 
the  feeble  current  so  flowing  to  produce  a  sufficiently  strong 
magnetic  field  to  actuate  the  movable  part  of  the  apparatus.  For 
instance,  one  of  the  c  gauges/  described  in  Chapter  IV.,  when 
wound  with  fine  wire  to  a  resistance  of  about  2000  ohms,  will 
serve  to  measure  potential  differences  of  from  60  to  120  volts. 
In  this  connection  the  student  may  perhaps  be  reminded  that  the 
field  developed  in  the  neighbourhood  of  the  *  moving  iron '  is 
proportional  to  the  ampere-turns,  or  to  c  /.  If  it  is  assumed  that 
the  power  absorbed  by  the  instrument  is  to  be  limited  to  6  watts, 
and   that  the  potential   difference  which   the   instrument  is  to 
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measure  is  to  be  100  volts,  the  current  which  it  will  carry  at  that 

pressure  will  be 

w         6 
c  =  -  =  ==  o'o6  ampere, 

e        100 
and  similarly  its  resistance  will  be 

r  =  ?  =    lo°   =  1666  ohms. 
c        006 

We  are  now  in  a  position  to  determine  the  size  and  length  of 
wire  which  will  meet  these  requirements.  The  first  point  to 
determine  is  the  current-density  which  shall  be  permitted — that  is 
to  say,  the  proportion  which  shall  exist  between  the  current  and 
the  size  of  conductor  conveying  it.  This  is  usually  indicated  by 
the  current  which  a  rod  having  a  cross-section  of  one  square  inch 
would  carry,  and  we  will  assume  for  our  present  purpose  that  the 
current  density  may  be  as  high  as  2000  amperes  per  square  inch 
of  cross-section.  If  our  current  to  be  carried  were  one  ampere, 
the  cross-section  of  the  wire  would  therefore  have  to  be 
2uVff  square  inch,  but  being  only  0*06  ampere  the  cross-section 

need  be  only  =  0*00003  square  inch.     If  reference  is  now 

2000 

made  to  the  table  given  in  Chapter  XVII.,  it  will  be  seen  that  the 
nearest  available  wire  to  this  is  No.  38  s.w.c,  which  has  a  cross- 
section  of  0*00002827  square  inch,  and  that  a  mile  of  this  wire  offers 
a  resistance  of  1496  ohms,  and  weighs  0*5754  lb.     We  should 

therefore  require  x   1760  =  i960  yards  of  this  wire.     Let 

1496 

us  next  assume  that  the  instrument,  being  of  the  same  type  as 

those  referred  to  in  Chapter  IV.,  requires  for  the  development  of 

its  maximum  field  a  magnetising  force  of  300  ampere-turns,  or 

/  =  3   -  =  3       =  5000  turns, 
c         0*06 

Referring  once  more  to  the  table,  it  will  be  seen  that  the 
diameter  of  the  wire  is  0*006  inch,  and  allowing  0*0025  for 
the  double  thickness  of  silk  with  which  the  wire  may  be  covered 
for  insulating  purposes,  making  a  total  thickness  of  0*0085  mcn, 
the  required  number  of  turns,  viz.  5000,  could  be  provided  on 
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a  bobbin  in  which  the  coil  space  (see  page  263,  Chapter  VII.) 
measures  1  inch  x  0*3655  inch. 

The  bobbin  will  have  to  carry  43  layers  of  wire  (with  about 
117  turns  in  each  layer),  and  the  thickness  or  depth  of  the  coil  will 
therefore  be  0*3655  inch.  If  we  assume  that  the  diameter  of 
the  bobbin  is  075  inch,  or  the  radius  0*375  inch,  the  average 

length  of  each  turn  of  wire  will  be2wr=27rx  (— 5_55  4-  0*375) 

=  3*5047  inch,  and  the  total  length  of  wire  on  the  bobbin  will 
be  about  17,523  inches.  The  remaining  53,000  inches,  or  its 
equivalent  in  German-silver  wire,  will  have  to  be  wound  on  a 
separate  bobbin  and  joined  in  series  with  the  coil.  If  the  coil 
were  made  of  larger  diameter,  the  length  of  wire  to  be  wound  on 
it  would  be  correspondingly  increased. 

All  such  voltmeters  require  to  be  calibrated  for  reading  in 
volts,  in  the  same  way  that  the  ammeter  was  calibrated  for  reading 
in  amperes. 

One  important  source  of  error  must,  however,  be  guarded 
against ;  it  is  due  to  the  fact  that  a  current,  in  passing  through 
the  coils  of  a  voltmeter,  heats  the  wire  and  increases  its  resistance, 
and  consequently  a  given  difference  of  potential  will  send  a  weaker 
current  through  the  coils  after  they  are  heated  than  before.  The 
instrument  will  therefore  indicate  a  lower  difference  of  potential 
than  that  which  actually  exists,  in  consequence  of  the  fact  that  it 
measures  the  potential  difference  by  the  strength  of  the  current 
set  up  by  that  difference.  For  this  reason  a  wire  which  is  thicker 
and  therefore  longer  than  would  otherwise  be  necessary  is 
frequently  used,  and  in  many  instances  efforts  are  made  to 
facilitate  radiation  and  ventilation,  and  thereby  to  keep  the  tem- 
perature tolerably  uniform.  In  fact,  no  effort  should  be  spared  to 
prevent  the  coils  of  a  voltmeter  being  heated  to  any  appreciable 
extent  by  the  current.  A  considerable  heating  error  may  even  be 
caused  by  the  relatively  high  temperatures  of  many  engine-rooms. 
This  arises  from  the  fact  that  moving-iron  voltmeters  are  wound 
with  copper  wire,  which,  it  may  be  remembered  (see  p.  20), 
increases  in  resistance  0*29  per  cent,  per  degree  Centigrade 
increase  of  temperature ;  and  supposing  the  instrument  to  have 
been  calibrated  at  a  temperature  of,  say,   150  C,  it  is  easy  to 
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imagine  a  state  of  affairs  which  would  cause  an  increase  of  5  per 
cent,  in  the  resistance  of  the  instrument,  and  a  correspondingly 
smaller  current  to  flow  through  it,  when  a  certain  potential 
difference  is  applied  at  its  terminals.  Under  such  circumstances 
the  instrument  will  indicate  lower  voltages  than  it  should  do.  It 
would  be  possible  tcr  get  over  the  heating  error  due  to  the  current 
by  having  a  small  switch  in  circuit  with  the  voltmeter,  and  only 
placing  the  instrument  in  circuit  when  it  is  desired  to  take  a 
reading.  This  can,  of  course,  be  done  by  closing  the  circuit  with 
the  switch  and  taking  the  reading  before  the  wire  has  had  time 
to  get  hot.  If,  however,  the  instrument  is  required  to  be  kept 
permanently  connected  up,  it  is  advisable  to  have  it  calibrated  to 
indicate  correctly  under  such  conditions,  and  this  may  be  done 
by  keeping  the  current  on  for,  say,  half  an  hour  before  noting  the 
readings  at  the  various  points  on  the  scale.  The  indications  of 
an  instrument  so  calibrated  will,  of  course,  assuming  it  to  have 
been  allowed  to  get  cold,  be  rather  too  high  immediately  after  it 
is  connected  up.  It  is,  however,  much  preferable  to  so  construct 
the  instrument  as  to  avoid  as  far  as  possible  any  prejudicial  effect 
due  to  heating.  The  use  of  German  silver  for  a  large  proportion 
of  the  wire  is  one  way  of  getting  over  the  difficulty. 

In  the  case  of  a  moving-iron  ammeter  the  resistance  of  the 
coil  is  usually  very  low,  and,  the  size  of  the  wire  being  com- 
paratively great,  the  temperature,  and  therefore  the  resistance, 
varies  but  slightly,  except  at  or  near  the  highest  indication  on  the 
scale.  Many  ammeters,  of  course,  get  warm  if  the  strongest 
currents  for  which  they  are  constructed  are  maintained  through 
them  for  any  considerable  time.  An  ammeter,  however,  is  placed 
directly  in  the  circuit,  and  it  is  virtually  free  from  the  *  heating- 
error,  '  because,  under  all  circumstances,  the  strength  of  the 
current  flowing  through  it  and  measured  by  it  is  the  same  as  that 
in  the  rest  of  the  circuit. 

In  the  case  of  Evershed's  moving-iron  voltmeter,  or  volt 
gauge,  the  moving  parts  are  exactly  similar  to  those  of  the  ampere 
gauges  shown  in  figs.  72  and  73,  but,  of  course,  thin  wire,  offering 
high  resistance,  is  employed.  Only  a  portion  of  this  wire  forms  the 
actual  magnetising  coil,  this  being  of  copper,  while  the  remainder, 
which  is  of  silk-covered  platinoid  wire,  is  wound  on  a  vulcanised 


\ 


238  Electrical  Engineering  chap,  vi 

fibre  frame  which  is  fixed  inside  the  casing.  In  an  instrument 
indicating  up  to  no  volts  the  total  resistance  would  be  rather 
over  2000  ohms  (that  of  the  actual  magnetising  coil  being  about 
200  ohms),  so  that,  with  the  maximum  potential  difference,  the 
power  absorbed  is  only  6  watts ;  the  magnetising  coil  having  an 
effective  power  of  about  500  ampere  turns.  "As  the  temperature 
coefficient  of  platinoid  is  low,  and  the  disposition  of  the  wire 
gives  fairly  good  facilities  for  radiation,  its  resistance  does  not 
rise  appreciably.  Consequently,  the  instrument  may  be  left  con- 
tinually on  the  circuit  without  causing  any  serious  error  under 
ordinary  working  conditions. 

The  outer  iron  sleeve,  which,  it  will  be  remembered,  fits 
friction-tight  on  the  brass  tube,  is  the  principal  adjustable  part  of 
the  instrument ;  by  turning  it  round  so  as  to  vary  the  force  with 
which  the  needle  is  acted  upon  at  different  points,  the  scale  may 
be  made  open  or  close  at  any  desired  part. 

Dealing  next  with  the  moving-coil  voltmeters,  which  are,  like 
the  ammeters  described  in  Chapter  IV.,  all  based  on  the  so-called 
D'Arsonval  galvanometer  principle,  and  consist  essentially  of  a 
small  coil  of  fine  wire  suspended  in  the  two  small  gaps  which 
separate  the  poles  of  a  permanent  magnet  from  a  soft-iron  cylinder 
fixed  between  those  poles.  The  air-gaps  being  small  and  com- 
paratively extensive  the  magnetic  field  "in  which  the  coil  moves  is 
at  any  particular  moment  uniform.  The  resistance  of  the  coil  is, 
however,  low,  and  is  therefore  unsuitable  for  joining  direct  to  the 
terminals  of  a  dynamo  or  other  source  of  current.  Resistance 
coils  have  in  consequence  to  be  joined  in  series  with  the  moving 
coil.  The  instruments  being  of  the  polarised  type — that  is  to 
say,  with  a  permanent  field  set  up  by  an  independent  magnet — 
are  only  suitable  for  measuring  direct  currents  or  potential 
differences. 

In  the  Weston  voltmeter  the  movable  coil  of  copper  wire  is 
wound  on  a  rectangular  copper  frame  and  has  a  resistance  of 
about  60  ohms,  and  a  full  deflection  is  produced  when  a  potential 
difference  of  about  o*6  volt  is  directly  applied  to  this  coil.  The 
resistance  coil,  which  is  inserted  in  series  with  the  working  coil, 
has  a  value  proportional  to  the  value  of  the  maximum  potential 
difference  it  is  desired  to  measure.    This  value  is  calculated  at  the 
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rate  of  100  ohms  to  every  volt  above  o*6  volt.  For  example, 
about  16,600  ohms  would  have  to  be  inserted  in  series  with  an 
instrument  required  to  indicate  up  to  100  volts.  This  resistance 
for  ranges  up  to  about  600  volts  takes  the  form  of  a  coil  of 
platinoid  or  manganin  wire  placed  under  the  same  cover  as  the 
working  coil,  and  since  by  far  the  larger  proportion  of  the 
resistance  in  the  voltmeter  circuit  consists  of  an  alloy  with  a  very 
low  temperature  coefficient,  the  temperature  error  of  the  instru- 
ment is  inappreciable.  It  can  therefore  be  kept  continuously  in 
circuit,  and  the  very  high  resistance  used  in  series  with  it  makes 
the  loss  of  power  very  small.  For  instruments  of  over  600  volts 
the  resistance  coils  are  placed  in  a  separate  case,  and  such  coils 
can  readily  be  employed  as  '  multipliers/  that  is  to  say,  the  coils 
can  be  tapped  at  various  points  by  the  use  of  suitable  terminal 
screws,  and  the  range  of  the  voltmeter  varied  at  will,  by  inserting 
resistances  of  various  known  values  in  series  with  it. 

It  will  doubtless  be  remembered  that  all  the  ordinary 
moving-coil  instruments  are  of  the  polarised  type  and  only 
available  therefore  for  direct-current  circuits.  Fig.  123,  however, 
illustrates  the  working  parts  of  a  Weston  instrument,  which  is 
suitable  for  measuring  alternating  potential  differences.  Its  con- 
struction is  based  on  the  same  principle  as  the  Siemens  dynamo- 
meter. The  fixed  coil  consists  of  two  halves,  of  which  one  is 
shown  at  a  in  the  figure.  It  is  supported  by  the  bracket  c.  The 
other  half  has  been  removed  to  render  the  interior  of  the  instru- 
ment clearer.  It  is  supported  by  a  bracket  similar  to  c,  which  is 
clamped  at  the  top  to  the  ends  of  the  rods  p  p,  and  at  the  bottom 
to  the  small  angle  pieces  r  r.  The  moving  coil  b  is  delicately 
pivoted  in  hard  sapphire  jewels  between  the  two  halves  of  the 
fixed  coil.  The  moving  coil  carries  a  pair  of  very  thin  aluminium 
vanes,  d  d,  weighing  only  three  or  four  grains.  These  vanes  work 
in  a  pair  of  closed  air-chambers  e  e  and  are  therefore  very  effective 
as  dampers.  As  in  the  case  of  the  dynamometer,  the  fixed  and 
moving  coils  are  joined  in  series,  so  that  the  same  current  passes 
through  both,  and  the  deflection  is  dependent  upon  the  strength 
of  the  current  only,  and  not  upon  its  direction.  The  instrument 
is  dead-beat  and  free  from  error  due  to  self-induction  or  magnetic 
reaction.   It  is  carefully  calibrated  by  checking  it  against  a  reliable 
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standard,  which  in  its  turn  is  checked  against  a  potentiometer  and 
a  Weston  standard  cell. 

We  have  remarked  that  the  ideal  voltmeter  is  one  which  only 
indicates  potential  difference  and  does  not  allow  any  current 
to  pass  through  it — that  is  to  say,  its  resistance  should  be  infinite 
so  that  there  would  be  no  Tall  of  potential  in  the   instrument 


itseh  consequent  upon  the  passage  of  a  current.  It  would  not 
be  quite  correct  to  say  that  there  is  no  consumption  of  electrical 
energy,  because  something  must  be  moved  in  order  to  change 
the  position  of  the  indicating  needle,  and  as  we  shall  presently 
see,  this  something  takes  the  form  of  one  or  more  light  metallic 
vanes.  The  work  done  in  moving  these  is  very  trifling,  but  such 
as  it  is,  it  must  be  at  the  expense  of  the  electricity,  the  electro- 
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motive  force  of  which  it  is  desired  to  measure.     Instruments  of 
this  type  are  «  electrostatic,'  and  the  energy  is  derived  from  the 
brief  but  certain  rushes  of  electricity  into  the  instrument  necessary 
to  raise  its  several  parts  to  the  desired  difference  of  potential.     As 
soon  as  we  cease  to   depend  upon  electromagnetic  effects  we  free 
ourselves  from  any  inconvenience  due  to  heating  error,  because 
there  are  no  coils  to  heat ;  and,  because  there  are  no  coils,  we 
have  no  risk  of   self-induction.     The  absence  of  magnets,  either 
permanent  or  induced,  also  gets  rid  of   other  sources  of  error. 
Unfortunately,  as  we  shall  see  presently,  electrostatic  voltmeters 
are  not  altogether  suitable  for  ordinary  work,  but  they  are  excellent 
laboratory  instruments.     Ordinary  voltmeters  have  a  range  limited 
to  a  few  hundred  volts,  but  in  many  cases  pressures  are  employed 
which  run  into  thousands  of  volts.  These  high  potential  differences 
are  frequently  alternating,  thus  excluding  at  once  a  large  number 
of  measuring  instruments  ;  and  it  will  readily  be  conceived  that 
even  those  which  we  have  described  as  capable  of  measuring  alter- 
nating potential  differences  could  not  well  be  modified  so  as  to 
measure  up    to    10,000  or  even   2000    volts.     A  voltmeter  was 
designed  by  Lord  Kelvin,  based  upon  the   well-known  elementary 
fact  that  two  adjacent  bodies  at  different  potentials  mutually  attract 
each  other.      We  have  seen  that  a  simple  way  of  establishing  this 
difference  of  potential  is  to  rub  two  dissimilar  substances,  such  as 
a  piece  of  flannel  and  a  piece  of  sealing-wax,  together ;  they  will 
then  mutually  attract  each  other,  and  the    force  of  this  attraction 
might    serve    to  estimate  the  potential   difference  between  them. 
Now,  there  is  a  difference  of  potential   between  the  two  poles  of 
a  battery,  and  if  these  two  poles  are  connected  one  to  each  of  two 
insulated    metal  conductors  (say,  brass   spheres),  the  spheres  will 
be  at  different  potentials  and  will  attract  each  other ;  this  force  of 
attraction  is,  however,  too  feeble  to  cause    any  perceptible  move- 
ment, unless    very  delicate  refinements,    unsuitable  for  workshop 
use,  are  resorted  to     But  for  this  latter    fact>   such  a  method  of 
measuring  potential  difference  would  be  perfect  in  one  respect,  for, 
as    the  two  conductors  are  insulated,  so  that   no  current  whatever 
would    flow    from  the   battery,   we    might    measure  the  potential 
difference  without  m  the  slightest  degree  altering  it  during  the  act 
of  measurement    The  use  of  this  <  electrostatic  'method,  however, 
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becomes  practicable  in  the  case  of  high  voltages,  and  fig.  1 24  shows 
one  form  of  Lord  Kelvin's  voltmeter  which  is  based  upon  it. 

One  conductor  is  fixed  and  the  other  movable  ;  the  fixed  one 
consists  of  two  butterfly-shaped  sheets  of  brass,  parallel  to  each 
other,  and  metallically  connected,  but  carefully  insulated  from  the 


rest  of  the  instrument.  The  movable  conductor  is  a  thin  alu- 
minium strip,  supported  at  its  centre  611  a  knife-edge,  and  moving 
freely  in  a  vertical  plane  exactly  midway  between  the  two  fixed 
brass  plates.  When  at  rest  the  movable  plate  or  strip  is  kept  in  a 
vertical  position  by  very  small  weights  placed  on  a  knife-edge  at 
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its  lower  extremity.     If  a  difference  of  potential   is  established 
between  the  fixed  plates  and  the  movable  strip,  mutual  attraction 
results,  and  the  latter  tends  to  set  itself  in  a  position  as  far  as 
possible  inside  the  fixed  plates,  this  tendency  being  counteracted 
by  the  weights  which  it  carries.     The  force  of  attraction  is  pro- 
portional to  the  square  of  the  potential  difference.     The  movable 
conductor,  of  course,  comes  to  rest  when  the  forces  due  to  the 
electrostatic  attraction  and  to  gravity  balance  one  another,  and 
this  position  of  rest  is  indicated  by  a  light  pointer  moving  over 
a  graduated  scale.     This  scale  has  60  divisions,  which  represent 
equal  differences  of  potential,  and  a  large  range  is  obtained  by 
varying  the  balancing  weights,  three  weights  being  supplied  with 
every  instrument.     The  actual  value  in  volts  of  the  potential  dif- 
ference competent  to  move  the  pointer  through  one  division  will, 
of  course,  depend  upon  the  weight  suspended  at  the  lower  part 
of  the  movable  plate.     With  the  particular  instrument  illustrated 
one  division  corresponds  to  50  volts  when  the  lightest  weight  is 
employed;  twice  the  potential  difference  is  required  to  produce 
the  same  effect  when  the  next  weight  is  added,  or  one  division 
then  represents  100  volts  \  while,  when  all  the  three  weights  are 
employed,   one  division   corresponds   to   200  volts,   so  that  the 
maximum  potential  difference  indicated  by  this  particular  instru- 
ment is  200  x  60=  12,000  volts.     The  instrument  is,  however, 
made  in  three  ranges  with  maxima  of  8000,  12,000  and  20,000 
volts  respectively. 

The  case  enclosing  the  conductors  is  of  metal  with  a  glass 
front,  and  the  movable  conductor  is  electrically  connected  by 
means  of  the  knife-edges  to  this  metallic  case,  which  is  provided 
with  a  suitable  terminal  screw.  The  knife-edges  afford  a  suffi- 
ciently good  connection  in  this  instance,  since  they  are  not  required 
to  carry  a  current.  The  fixed  brass  plates  are  connected  to  a 
second  terminal,  which  is  carefully  insulated  from  the  case.  The 
whole  instrument  is  effectively  insulated  from  earth  by  means  of 
the  stand  upon  which  it  is  placed,  and  in  order  to  measure  the 
potential  difference  between  two  conductors  it  is  only  necessary 
to  connect  one  conductor  to  one  terminal  and  the  other  conductor 
to  the  other  terminal  and  observe  the  reading  of  the  pointer,  with 
the  appropriate  weights  on  the  bottom  of  the  '  needle.'     It  is  almost 
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unnecessary  to  add  that  too  much  care  cannot  be  exercised  in 
the  measurement  of  high  potential  differences,  and  as  a  matter  of 
fact  no  one  should  attempt  any  such  measurements  except  after 
a  considerable  amount  of  experience  under  the  direction  of  a 
qualified  instructor,  who  must,  of  course,  himself  be  an  expert  at 
the  work.  Where  the  apparatus  is  permanently  fixed  for  constant 
use  it  may  be  protected  by  an  insulating  cover  with  a  glass  front ; 
-but  it  is  during  the  making  of  changes,  or  during  experimental 
work,  that  an  accident  is  likely  to  occur.  In  some  instances  one 
of  the  two  conductors  between  which  a  potential  difference  is  to 
be  measured  is  connected  to  earth,  and  this  conductor  should 
invariably  be  joined 
to  the  '  needle  '  and 
metallic  case,  and 
then  should  the  case 
be  touched  by  the 
experimenter  he 

would  experience  no 
shock,  because  both 
the  case  and  his  body 
are  earth-connected, 
and  are  therefore  at 
the  same  potential. 
No  part  of  the  in- 
strument, however, 
should  be  so  touched 
while  any  '  live '  con- 
ductor is  connected 
to  it,  as  such  an  action 
partakes  of  the  nature 
of  a  test  for  the  efficiency  of  the  earth  connection,  which  might 
be  defective,  and  it  also  begets  carelessness  when  using  the 
apparatus  under  other  conditions. 

In  a  modified  form  of  this  instrument  much  higher  ranges 
are  attained.  The  instrument  is  called  the  volt  balance  and  is 
made  in  two  sizes,  one  ranging  from  5000  to  30,000  volts  and  the 
other  from  5000  to  100,000  volts.  The  principle  upon  which 
the  instrument  is  constructed  is  illustrated  in  diagrammatic  form 
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in  fig.  125.  It  consists  of  a  fixed  and  highly  insulated  metal 
plate,  b,  supported  by  a  large  porcelain  insulator,  c,  which 
projects  below  the  base  of  the  instrument,  and  through  which 
the  high-pressure  connection  is  made.  Above  this  plate  is  fitted 
a  light  aluminium  pan,  v,  which  is  attached  to  a  movable  link  system 
so  that  the  pan  can  be  attracted  in  proportion  to  the  voltage  and 
cause  a  pointer,  which  is  shown  above  the  earth-connected  case 
of  the  instrument,  to  travel  over  a  vertical  scale.  With  the  higher 
range  instrument  two  "weights  are  provided,  one  indicating  from 
5000  to  30,000  volts  and  the  other  from  20,000  to  100,000  volts. 
The  pointer  is,  in  the  diagram,  shown  to  be  carrying  weights  at  n, 
against  which  the  force  of  attraction  between  b  and  v  has  to  act. 
The  instrument  is  very  compact,  and  every  possible  precaution 
has  been  adopted  to  avoid  any  risk  of  danger  in  handling  it,  but 
of  course  the  personal  equation  is  a  factor  that  must  not  be 
overlooked,  and,  as  we  have  already  indicated,  the  measurement  of 
potentials  of  such  high  values  should  only  be  attempted  by  those 
who  have  a  knowledge  of  the  risks  involved.  The  instrument 
of  the  lower  range  is  made  in  a  portable  form  and  is  more 
particularly  adaptable  for  the  practical  testing  of  the  insulation 
of  cables.  It  is  therefore  fitted  in  an  insulating  case,  and  is 
provided  with  a  wood  box  supported  on  porcelain  insulators  so 
that  the  instrument  can  be  used  inside  the  box. 

For  accurately  measuring  lower  potential  differences  the  instru- 
ment cannot  be  made  in  such  a  simple  form,  as  with  only  one 
movable  metallic  strip  it  would  be  difficult  to  obtain  a  sufficiently 
great  force  of  attraction.  The  requisite  attractive  force  can,  how- 
ever, be  obtained  by  employing  a  greater  number  of  *  needles '  or 
vanes,  each  moving  between  a  pair  of  fixed  conductors,  and  such 
an  instrument  is  called  a  '  multicellular '  electrostatic  voltmeter. 
Fig.  126  illustrates  such  a  voltmeter,  the  working  parts  being 
shown  separately  in  fig.  127.  The  instrument  is  made  in 
several  ranges,  the  lowest  being  from  10  to  80  volts  with  one  volt 
divisions.  The  instrument  illustrated  has  ten  aluminium  vanes,  v, 
which  are  arranged  horizontally  and  equidistant  from  one 
another.  They  are  fixed  on  a  vertical  spindle  and  are  all  in 
metallic  connection.  This  spindle  is  supported  by  a  platinum- 
indium  wire,  w,  which  is  set  so  that  the  pointer,  which  is  rigidly 
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attached  to  the  spindle,  stands  at  zero  when  no  electrical  difference 
exists  between  the  vanes  and  the  rest  of  (he  instrument.  The 
free  end  of  the  pointer  passes  over  a  scale  calibrated  to  read 
directly  in  volts,  a  mirror  being  placed  under  a  slot  in  the  scale 
(fig.  126),  in  order  that  errors  due  to  parallax  may  be  avoided. 
It  will  be  noticed  that  in  fig.  136  the  scale  is  horizontal,  while 


in  fig.  127  it  is  vertical,  the  pointer  p  in  this  case  being  bent  up  at 
right  angles,  so  that  the  indications  can  be  easily  read  at  a  distance. 
The  lower  end  of  the  spindle  carrying  the  vanes  dips  into  a  dash- 
pot,  which  protrudes  below  the  case  of  the  instrument,  but  which 
is  not  shown  in  either  of  the  figures.  The  object  of  the  dash- 
pot  is  to  steady  the  movements  of  the  pointer  and  to  render  it 
practically  dead-beat.     The  pointer  is  electrically  connected  with 
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the  case  of  the  instrument,  the  movable  parts  of  which  are  effec- 
tively screened  so  as  to  render  the  case  absolutely  neutral  and 
allow  it  to  be  connected  to  earth  with  perfect  safety.  The  fixed 
conductors  between  which  the  aluminium  vanes  play  are  hori- 
zontal brass  plates  fixed  into  vertical  brass  plates,  c,  all  connected 
together,  but  insulated  from  the  outer  brass  case  of  the  instrument ; 
they  constitute,  in  fact,  a  series  of '  cells,'  whence  the  name  of  the 


instrument.  Only  one  set  of  vanes  and  cells  is  distinctly  visible  in 
the  figure,  but  there  is  a  corresponding  set  of  vanes  on  the  opposite 
side  of  the  spindle,  lying  further  back  in  the  case.  The  fixed 
plates  are  connected  to  one  of  the  insulated  terminals,  t  t  (fig.  1 26), 
and  the  spindle  carrying  the  movable  vanes  is  connected  to  the 
other  terminal  through  the  medium  of  the  liquid  in  the  dash- 
pot,  instead  of  through  the  suspension   as  was  formerly  done. 
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This  has  the  advantage  of  preventing  any  damage  to  the  moving 
system  by  accidental  contact  of  the  vanes  with  the  cells,  as  the 
liquid  in  the  dash-pot  has  a  high  resistance  and  prevents,  therefore, 
the  flow  of  a  heavy  current. 

When  a  difference  of  potential  is  set  up  between  the  fixed 
and  movable  conductors,  the  attractive  force  urges  the  latter  to 
take  up  a  position  inside  the  former,  thus  giving  a  rotary  motion 
to  the  vertical  spindle.  The  torsion  thus  put  on  the  suspending 
wire,  which  terminates  in  the  torsion  head  h  (fig.  127),  works  against 
this  force,  and  the  position  at  which  the  two  forces  balance,  as 
indicated  by  the  pointer,  shows  the  potential  difference.  Suitable 
guiding  holes,  through  which  the  spindle  passes,  and  vertical  brass 
plates  limit  the  movements  of  the  spindle  and  prevent  contact 
between  the  two  sets  of  conductors  under  ordinary  circumstances. 
Levelling  screws,  s  s  (fig.  126),  are  provided,  which,  by  the  aid  of 
the  spirit  level  l  (figs.  126  and  127),  can  be  used  for  ensuring  the 
proper  relative  positions  of  the  vanes  and  cells.  The  particular 
form  of  instrument  illustrated  is  obviously  a  portable  one,  and  a 
packing  screw  b  (fig.  126)  is  provided,  which,  when  unscrewed, 
lifts  the  suspension  and  secures  the  movable  vanes,  thereby 
preventing  any  injury  to  the  suspension  when  the  instrument 
is  moved  from  place  to  place. 

Since  an  electrostatic  voltmeter  allows  no  current  to  pass 
between  the  two  points  whose  potential  difference  it  indicates, 
there  is,  as  we  have  said,  no  possible  chance  of  any  error  similar 
to  that  due  to  the  heating  of  the  coils  in  an  electro-magnetic 
voltmeter.  Further,  there  is  no  waste  of  energy  as  in  the  latter 
case,  and  an  electrostatic  instrument  may  therefore  be  kept 
permanently  connected  between  the  two  mains  of  an  electric-light 
circuit  without  adding  to  the  coal  bill. 

Another  important  feature  common  to  instruments  of  this  type 
is  that  they  may  be  used  to  measure  either  steady  or  alternating 
potential  differences  with  equal  facility.  In  an  electro -magnetic 
voltmeter  the  indications  of  the  needle  are  dependent  upon  the 
strength  of  the  current  flowing  through  the  coil,  which  should 
vary  exactly  with  the  pressure  between  the  ends  of  the  coil ;  and 
with  a  steady  uni-directional  pressure  this  proportional  variation 
does  take  place,  because  the  resistance  of  the  coil  (supposing  the 
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heating  effect  to  be  negligible)  remains  constant.  But  with  an 
alternating  potential  difference  the  value  of  the  resulting  alternating 
current  depends  upon  the  '  self-induction '  as  well  as  the  resistance 
of  the  coil,  and  the  effect  of  the  self-induction  changes  with  the 
rate  at  which  the  current  alternates.  Consequently,  although 
an  electro-magnetic  voltmeter  may  be  calibrated  to  indicate 
correctly  for  a  certain  rate  of  alternation,  it  will  not  necessarily 
be  correct  for  any  other  rate.  An  electrostatic  instrument, 
being  quite  free  from  any  self-induction  effect,  is  independent  of 
the  rate  of  alternation.  Moreover,  since  the  instrument  is  cali- 
brated to  read  in  volts,  while  the  force  of  attraction  between  the 
plates  varies  as  the  square  of  the  potential  difference,  it  indicates 
directly  the  value  of  the  square  root  of  the  mean  square  of  the 
potential  difference  between  the  plates,  which,  as  the  student  will 
presently  learn,  is  the  value  generally  required  to  be  known. 

There  are  other  forms  of  electrostatic  voltmeters,  all  of  which 
are,  however,  similar  in  principle  to  those  described,  and  no 
difficulty  should  be  experienced  in  understanding  their  construc- 
tion and  action.  In  some  cases  a  small  mirror  is  attached  to  the 
movable  conductor,  and  the  mirror  reflects  a  luminous  beam 
on  to  a  scale  placed  in  front  of  it.  The  movements  of  the 
spot  of  light  indicate  the  deflections  of  the  needle,  and  there- 
fore also  the  potential  difference  which  causes  those  movements. 
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CHAPTER  VII 

ELECTRO-MAGNETS — ELECTRO-MAGNETIC   INDUCTION 

It  has  been  observed  that  the  air  space  in  the  neighbourhood  of 
a  wire,  in  which  the  effect  of  a  current  travelling  in  the  wire  is 
perceptible,  is  called  an  electro-magnetic  field,  and  that  the  direc- 
tion in  which  the  force  in  this  field  acts  can  be  made  evident  by 
means  of  iron  filings,  which,  if  sprinkled  upon  a  sheet  of  paper 
with  the  wire  passing  through  it,  arrange  themselves  in  concentric 
circles  along  the  lines  of  force  round  the  wire.  And  further,  it 
will  be  remembered  that  some  substances  offer  greater  facilities 
than  others  for  the  propagation  of  these  lines  of  force ;  and  that  it 
is  possible  to  alter  their  circular  form  by  bringing  near  them  some 
substance  through  which  they  pass  with  either  more  or  less  ease 
than  through  the  air.  The  relative  capability  possessed  by  any 
substance  for  conducting  these  lines  of  force  is  known  as  its 
'permeability/  and  it  is  obviously  desirable  that  some  method 
of  definitely  comparing  this  property  in  various  bodies  should  be 
adopted.  The  permeability  of  air  can  be  taken  as  the  standard, 
and  the  permeability  of  all  other  substances  measured  by  com- 
parison with  it.  As  a  matter  of  fact,  the  permeability  of  a  vacuum 
is  taken  as  unity  ;  but  that  of  air  is  almost  exactly  the  same,  and 
is  a  more  convenient  standard.1 

1  There  is  another  way  of  looking  at  this  phenomenon.  It  is  an  old  idea  which 
has  been  revived  in  recent  years,  and  the  student  may  in  some  cases  find  it  an  easier 
one  in  comprehending  the  effect  of  placing  a  magnetic  substance  in  a  magnetic 
field.  The  assumption  is  that  in  a  magnetic  substance  every  molecule  is  in  itself  a 
permanent  magnet.  In  the  unmagneiised  state  the  molecules  are  supposed  to  be  so 
arranged  that  they  neutralise  the  magnetic  effect  of  one  another.  When  brought 
within  the  influence  of  a  magnetic  field,  however,  they  rearrange  themselves  with 
their  axes  more  or  less  in  the  direction  of  that  field,  and  the  substance  is  then  said 
to  be  magnetised.     The  resultant  field  results  from  the  superposition  of  the  lines 
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If  a  piece  of  hard  steel  is  placed  in  any  magnetic  field,  many 
of  the  adjacent  lines  of  force  are  bent  out  of  their  previous  shape, 
and  converge  into  the  steel.  More  lines  of  force,  therefore,  pass 
through  the  space  occupied  by  the  steel  than  pass  through  that 
same  space  when  occupied  by  air  alone.  Hence  we  conclude  that 
the  lines  of  force  pass  through  steel  more  readily  than  through 
air,  or  the  permeability  of  steel  is  greater  than  that  of  air.  If, 
again,  the  steel  is  replaced  by  a  piece  of  soft  iron  of  similar  shape 
and  size,  even  more  lines  of  force  will  now  pass  through  the  same 
space,  showing  that  the  permeability  of  soft  iron  is  still  greater 
than  that  of  steel.  In  fact,  the  permeability  of  any  substance 
might  be  estimated  by  dividing  the  number  of  lines  of  force  which 
thus  pass  through  it  by  the  number  which  pass  through  the  same 
space  when  the  substance  is  removed,  the  strength  of  the  magnet- 
ising field  being  the  same  in  both  cases.  There  is,  however,  no 
method  available  for  determining  the  actual  number  of  lines  of 
force  pervading  any  particular  space  or  substance.  The  nearest 
approach  to  such  a  desideratum  would  be  to  measure  the  relative 
strength  of  any  electro-magnetic  field,  or  of  any  given  portion  of 
it,  because,  as  might  be  supposed,  the  strength  of  the  field  varies 
directly  as  the  number  of  lines  of  force  pervading  it  It  is 
possible  to  compare  the  strength  of  fields  by  measuring  the 
magnitude  of  various  phenomena  which  can  be  made  to  take 
place  in  them,  and  one  such  method  is  described  at  the  end  of 
this  chapter. 

We  can  by  such  means  measure  the  strength  of  a  field  due 
to  any  magnetising  force — that  is  to  say,  we  can  obtain  certain 
effects  proportional  to   the  number  of  lines   of  force  passing 

of  force,  due  to  the  rearranged  magnets,  on  the  original  field,  and  thus  the  dis- 
tortion of  the  lines  of  force  is  produced.  When  all  the  constituent  particles  have 
been  rearranged,  the  substance  is  said  to  have  become  '  saturated.'  Some  sub- 
stances require  the  action  of  a  stronger  magnetic  field  to  rearrange  their  constituent 
particles  than  others  ;  thus  for  a  given  magnetic  force  (within  the  limits  of  satura- 
tion) hard  steel  will  not  become  so  strongly  magnetised  as  soft  iron,  and  on  that 
account  soft  iron  is  said  to  have  a  higher  *  permeability  *  than  hard  steel.  Both 
methods  of  viewing  the  question  of  permeability  or  magnetic  conductance,  as  it 
may  be  called,  lead  us  to  the  same  end,  viz.  that  a  magnetic  substance  is 
magnetised  when  it  is  placed  in  a  magnetic  field ;  and  as  the  method  adopted 
in  these  pages  is  generally  the  simpler,  and  perhaps  more  instructive,  we  can 
scarcely  do  better  than  adhere  to  it. 
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through  any  given  air  space — and  then,  filling  that  same  space 
with  a  piece  of  iron,  ascertain  the  relative  number  then  passing 
through  the  iron.  The  number  of  lines  of  force  passing  through 
an  area  of  one  square  centimetre  taken  at  right  angles  to  the  lines 
is  called  the  l  magnetic  induction,'  this  term  being  employed  as  an 
abbreviation  of  *  intensity  of  magnetic  induction ' ;  the  magnetic 
induction  through  the  air  space  is  equal  to  the  strength  of  the 
magnetising  field  (since  the  permeability  of  air  is  i),  and  the 
magnetic  induction  through  the  iron,  divided  by  the  strength  of 
the  magnetising  field,  gives  the  permeability  of  the  iron. 

By  experimenting  in  this  way  it  has  been  proved  beyond  doubt 
that  not  only  do  different  substances  possess  various  degrees  of 
permeability,  but  also  that  this  property  may  vary  considerably  in 
the  same  substance  under  varying  conditions ;  and  it  is  also  pos- 
sible to  arrange  the  various  substances  in  the  order  of  their  relative 
degrees  of  permeability.  The  most  permeable  material  known  is 
pure  soft  iron,  and  it  is  found  that,  generally  speaking,  as  the 
hardness  and  impurity  of  the  iron  increase,  so  its  permeability 
decreases ;  that  of  hard  steel,  cobalt,  and  nickel,  and  especially  of 
a  certain  kind  of  manganese  steel,  being  comparatively  low.  The 
vast  majority  of  substances,  including  most  of  the  metals  other 
than  iron  or  steel,  are  to  all  intents  and  purposes  equal  to  air  in 
this  respect,  while  the  permeability  of  a  few  metals,  including 
bismuth  and  copper,  is  very  slightly  less  than  that  of  air.  To  take 
the  two  extreme  cases,  the  permeability  of  iron  has  been  known 
to  exceed  2000 — that  is  to  say,  more  than  2000  times  as  many 
lines  of  force  have  been  known  to  pass  through  a  certain  piece  of 
iron  as  passed  through  the  equivalent  air  space  when  the  iron  was 
absent — while  that  of  bismuth  has  been  found  to  be  not  much 
below  0*9999. 

This  property  is  very  important  in  some  practical  operations, 
and  (especially  in  the  case  of  iron)  it  is  useful  to  know  the  condi- 
tions under  which  it  varies  in  the  same  material.  We  have  already 
touched  upon  a  practical  application  in  the  case  of  a  helix  or 
solenoid,  and  are  now  in  a  position  further  to  consider  the  matter. 
We  observed  that  the  electro-magnetic  effect  of  a  helix  of  wire 
carrying  a  current  can  be  increased  in  two  ways — either  by  in- 
creasing the  strength  of  the  current  and  so  increasing  the  actual 
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number  of  lines  of  force  produced,  whatever  that  number  may  be, 
or  by  increasing  the  effect  of  the  available  lines  of  force  by  making 
as  many  of  them  as  possible  pass  through  that  space  near  the 
ends  where  they  will  be  able  to  act  to  the  greatest  advantage. 
The  permeability  of  bismuth  and  copper  being  less  than  that  of 
air,  either  of  these  substances,  when  placed  in  an  electro- magnetic 
field,  will  decrease  the  number  of  lines  of  force  passing  through  the 
space  which  it  occupies  ;  but  even  in  the  case  of  the  most  effective 
substance  known,  viz.  bismuth,  the  difference  is  so  very  slight  that 
it  is  difficult  to  perceive  or  measure  it.    If,  however,  any  substance 
were  to  be  discovered  with  a  permeability  very  much  less  than 
that  of  air,  one  way  of  leading  the  lines  of  force  through  the 
desired  space  would  be  to  place  this  substance  of  low  permeability 
in  that  part  of  the  field  from  which  it  is  wished  to  exclude  those 
lines — that  is  to  say,  to  make  all  paths  but  the  right  one,  or  the 
one  desired,  as  difficult  as  possible.    But  the  permeability  even  of 
bismuth  being  so  little  inferior  to  that  of  air,  the  only  available 
method  of  attaining  the  desired  end  is  to  make  the  path  which  it 
is  desired  the  lines  of  force  should  take  as  easy  as  possible.     In 
the  case  of  the  solenoid  described  in  Chapter  IV.  we  wished  to 
increase  its  effect  by  leading  as  many  as  possible  of  the  lines  of 
force  through  the  ends  of  the  coil,  instead  of  allowing  them  to  leak 
out  at  the  sides,  and  for  this  purpose  fitted  it  with  a  soft-iron  core, 
which  had  the  desired  effect.     Since  the  permeability  of  different 
qualities  of  iron  varies  so  much,  too  great  care  cannot  be  exercised 
in  its  selection ;  and,  experiment  having  shown  that  soft  annealed 
Swedish  iron  is  superior  to  all  other  kinds,  this  should,  when  the 
question  of  expense  does  not  forbid,  be  used  in  all  cases  where  it 
is  desired  to  concentrate  the  lines  of  force  at  any  particular  point 
The  best  Swedish  iron  is,  however,  somewhat  difficult  to  obtain, 
and  the  same  remark  applies  to  the  very  best  Yorkshire  brands 
(Bowling,  Lowmoor,  &c),  which  are  scarcely  inferior  to  Swedish 
iron.     Although  for  some  small  machines  and  instruments  it  is 
imperative  to  employ  the  best  iron  procurable,   yet  for  heavier 
machines  it  is  frequently  cheaper  to  employ  a  slightly  inferior  iron, 
and  use  a  greater  quantity  of  it,  and  consequently  of  wire  also, 
to  obtain  the  desired  result.     As  a  matter  of  fact  there  is  now 
obtainable  in  any  desired  quantity  a  class  of  steel  which  possesses 
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i  of  good  soft  iron.     This  matter  is 


most  of  the  magnetic  qualiti 
referred  to  later  on. 

It  will  be  remembered  that  a  helix  of  wire  fitted  with  an  iron 
core  is  called  an  electro-magnet,  and  electro- magnets  differ  in  shape 
and  arrangement  according  to  the  work  they  are  intended  to 
perform.  Thus  if  it  were  wished  with  one  pole  of  an  electro- 
magnet to  repel  a  similar  pole  of  another  electro-magnet,  or  of  a 
permanent  steel  magnet,  with  as  much  force  as  possible,  it  should 
Fn      B  be,  made  long  and  straight,  so  that  its 

opposite  pole  might  be  as  far  away  as 
practicable.  It  frequently  happens, 
however,  that  an  electro- magnet  is  re- 
quired either  to  support  a  heavy 
weight  or  to  attract  another  magnet  or 
a  piece  of  iron  as  powerfully  as  possible. 
It  is  then  more  advantageous  to  allow 
both  poles  of  the  electro-magnet  to  act 
together,  and  this  can  be  accomplished 
by  making  it  in  what  is  called  the 
horseshoe  shape,  bringing  the  poles 
close  together,  as  illustrated  in  fig.  12S. 
i  wound  over  only  the  '  legs  '  of  the  iron 


In  designing  an  electro -magnet,  therefore,  the  object  to  which 
it  is  intended  to  apply  the  apparatus  must  be  kept  clearly  in  view, 
and  it  is  necessary  that  the  general  principles  underlying  electro- 
magnetic construction  should  be  now  considered,  although,  under 
the  most  favourable  circumstances,  these  laws  and  principles 
are  somewhat  complicated  and  involved,  and,  to  a  great  extent, 
indeterminate. 

In  the  generation  of  an  electro-magnetic  field  by  means  of  a 
solenoid  there  are  two  prime  features  to  be  taken  into  considera- 
tion, viz.  the  strength  of  the  current  and  the  number  of  convolu- 
tions of  wire  constituting  the  coil.  It  can  readily  be  understood 
that  the  electro-magnetic  effect  produced  by  a  current  varies 
directly  as  the  strength  of  that  current,  so  that  to  double  the 
intensity  of  the  field  developed  by  any  particular  coil  it  wilt 
suffice  to  double  the  current  strength.     There  is,  in  such  circum- 
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stances,  no  need  to  take  into  account  the  resistance  of  the  wire, 
except  in  so  far  as  it  may,  by  being  heated  by  the  current,  modify 
the  current  strength,  the  resistance  varying,  in  the  ordinary  course, 
directly  as  the  length,  and  inversely  as  the  square  of  the  diameter, 
of  the  wire. 

As  the  current  strength  in  any  circuit  is  the  same  in  all  parts, 
or  at  all  points,  of  that  circuit,  the  electro-magnetic  field  developed 
by  any  one  length — say  one  inch  of  the  wire — is  exactly  equal  to 
that  developed  by  any  other  portion  of  the  circuit  of  equal  length. 
It  follows,  therefore,  that  two  convolutions  or  turns  of  wire  close 
together  will  generate  a  field  twice  as  strong  as  that  which  can  be 
developed  by  either  of  the  turns  taken  separately ;  and,  speaking 
generally,  it  can  be  said  that  the  field  developed  by  a  solenoid 
carrying  a  given  current  varies  in  strength  directly  as  the  number 
of  convolutions,  and  this  will  be  true  whatever  the  nature  of  the 
material  forming  the  conductor,  or  whatever  its  resistance. 

In  order  to  arrive  at  a  more  precise  understanding,  let  us 
again  consider  the  problem  set  us,  supposing  we  desire  to  make 
an  electro-magnet  similar  to  that  illustrated  in  fig.  128  as  effective 
as  possible.  The  object  is  to  attract  the  '  armature '  a,  with  the 
maximum  force,  and  in  order  to  attain  this  result  we  want  to 
urge  as  many  lines  of  force  as  we  possibly  can  through  that 
armature. 

Now,  when  we  wish  to  calculate  the  strength  of  a  current  of 
electricity  which  will  be  obtained  in  any  given  electrical  circuit 
under  certain  conditions,  we  take  into  account  the  electro-motive 
force  which  urges  the  current  through  the  circuit,  and  the  resistance 
against  which  that  electro- motive  force  has  to  act,  the  resulting 
current  being  directly  proportional  to  the  former  and  inversely 
proportional  to  the  latter,  and  we  write 

~.         .    .        . ,        Electro-motive  force 
Current  strength  =       -  -  -  -  .  -     -  . 

Resistance 

Somewhat  similarly  we  may  consider  the  whole  path  round  which 
we  desire  to  urge  magnetic  lines  of  force  as  a  magnetic  circuit, 
and  take  account  of  the  total  magnetising  force  which  tends  to 
urge  the  lines  of  force  round  the  circuit  as  well  as  the  '  magnetic 


256  Electrical  Engineering  chap,  vn 

resistance '  against  which  that  force  must  act  in  order  to  produce 

the  result.     Then  we  may  say 

™  ,  ,         1        cv        ce   ~        Magneto-motive  force 

Total  number  of  lines  of  force  =  -  v> r  -      .  , 

Magnetic  resistance 

where  the  term  magneto-motive  force  represents  the  total  mag- 
netising force  acting  round  the  whole  circuit.  This  magneto- 
motive force  is  for  any  magnetic  circuit  proportional  to  the 
current  strength  and  to  the  number  of  convolutions  in  the  sole- 
noid— that  is  to  say,  to  the  '  ampere-turns ' — as  was  mentioned 
above  in  the  general  view  of  the  case.  There  is  one  point  here 
however,  which  is  worthy  of  notice.  When  we  speak  of  the 
electrical  resistance  of  a  conductor  we  associate  with  that  resist- 
ance the  idea  of  work  having  to  be  performed  in  urging  a  current 
against  it.  When,  however,  we  are  dealing  with  magnetic  resist- 
ance the  case  is  different,  as  no  corresponding  expenditure  of 
energy  is  involved,  and  in  these  circumstances  the  property  of 
resisting,  or,  rather,  of  not  allowing,  magnetic  lines  of  force  to 
pass  through  freely,  is  called  reluctance.  Magnetic  resistance  or 
reluctance  does  not  therefore  involve  an  expenditure  of  energy 
or  the  corresponding  generation  of  heat  in  urging  a  magnetic  flux 
or  a  series  of  lines  of  force  against  it.  A  certain  small  amount  of 
heat  is  produced  as  a  consequence  of  the  alteration  in  the  arrange- 
ment of  the  molecules  of  iron,  but  this  heat  bears  but  little 
relation  to  the  resistance  or  reluctance  of  the  metal,  and  may  be 
more  rightly  regarded  as  a  consequence  of  its  retentivity. 

In  order  to  adapt  all  results  to  the  c.g.s.  system  of  measure- 
ment we  unfortunately  require  to  introduce  other  factors.  In 
the  first  place  the  c.g.s.  unit  of  current  is  equal  to  10  amperes, 
so  that,  the  c.g.s.  unit  of  current  being  adopted  in  the  funda- 
mental calculations,  the  ampere-turns  must  be  divided  by  10; 
and,  then,  for  reasons  which  cannot  be  stated  simply,  we  must 
multiply  the  ampere-turns  by  4  t.  If,  therefore,  we  denote  the 
strength  of  the  current  as  measured  in  amperes  by  c,  and  the 
total  number  of  convolutions  by  n,  the  magneto- motive  force  will 
be  equal  to 

aw  x  c  x  n         .     ,, 

**_  . or  1-2566  x  c  x  n. 

10 
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We  must  now  consider  the  question  of  the  magnetic  resistance 
offered  to  this  magneto-motive  force,  and  here  again  an  analogy 
with  the  electrical  circuit  may  help  us,  although  the  two  cases  are 
not  strictly  analogous.  The  resistance  of  a  simple  electrical  cir- 
cuit varies  directly  as  the  length  of  the  circuit,  /,  inversely  as  the 
sectional  area  of  the  conductor,  a,  and  inversely  also  as  the  specific 
conductivity  of  the  conductor,  m,  specific  conductivity  being 
the  inverse  of  specific  resistance.     This  may  be  stated  as 

Resistance  = 


a  x  m 


In  a  magnetic  circuit  permeability,  or  the  relative  capability 
of  conducting  lines  of  force,  is  analogous  to  electrical  specific 
conductivity;  and  the  magnetic  resistance,  like  electrical  resistance, 
is  directly  proportional  to  the  length  of  the  circuit,  /,  and  inversely 
proportional  to  the  sectional  area,  a. 

Consequently, 

Magnetic  resistance  = , 

a  x  ft 

I  being  preferably  measured  in  centimetres,  a  in  square  centi- 
metres, and  /1  standing  for  the  permeability  of  the  substance  of 
which  the  magnetic  circuit  is  composed. 

In  order,  therefore,  to  calculate  the  number  of  lines  of  force 
flowing  round  any  circuit,  which  number  we  may  conveniently 
denote  by  N,  we  may  say 

■^       Magneto-motive  force 
Magnetic  resistance  ' 


that  is,  N  = 


4  7T   x  c   x  N 
10 

_/_ 

a  x  fi 


M  1-2566   XCXNXtfXii 

or  N  =    — ° - -, 

where  c  represents  the  current  strength  in  amperes,  and  n  the 
total  number  of  convolutions  in  the  solenoid.     The  total  number 

s 
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of  lines  of  force,  N,  is  frequently  referred  to  as  the '  magnetic  flux,' 
or  simply  the  '  flux ' ;  and  the  term  '  reluctance '  is,  as  we  have  said, 
frequently  applied  to  the  magnetic  resistance  of  any  magnetic 
circuit  or  part  of  a  circuit. 

The  matter  may,  perhaps,  be  rendered  clearer  by  assuming 
a  set  of  conditions  for  the  electro-magnet  depicted  in  fig.  128. 
Suppose  the  number  of  convolutions  on  each  limb  to  be  200 ; 
then  n  =  2  x  200  =  400 ;  also  that  the  current  strength  is  80 
milliamperes  or  #o8  ampere.  Let  the  mean  length  of  the  magnetic 
circuit  (that  is,  the  length  measured  round  the  circuit  through  the 
middle  of  the  core  and  armature)  be  /  =  1 2  centimetres,  and  the 
area  of  the  core  and  armature  at  any  point  be  a  =  3  square  centi- 
metres. The  permeability  of  the  iron  will  vary  with  the  number 
of  lines  of  force  which  pass  through  it,  but  we  will  assume  it  to 
be  /i  =  500. 

Then  in  this  case 

N  =  1-2566  x  -08  x  400  x  3  x  500  _        6  . 

12  *       ' 

that  is  to  say,  if  we  could  at  any  point  cut  the  magnetic  circuit 
without  disturbing  the  arrangement,  we  should  find  5026  lines  of 
force  passing  across  between  the  two  faces  of  iron  so  separated. 

Unfortunately,  we  do  not  find  the  problem  quite  so  easy  in 
actual  practice.  We  have  here  ignored  the  fact  that  some  of  the 
lines  of  force  would  leak  out  from  the  iron,  and  not  pass  com- 
pletely round  the  desired  path.  Further,  although  the  armature 
and  pole-faces  may  be  accurately  faced  up  and  fit  truly,  the  two 
joints  in  the  magnetic  circuit  will  make  the  reluctance  appreciably 
higher  than  it  would  be  were  the  fibre  of  the  iron  continuous 
throughout. 

Were  the  armature  to  be  separated  from  and  fixed  at  a  little 
distance  (say  1  centimetre)  from  the  pole-faces,  a  great  increase  in 
the  reluctance  would  take  place,  causing  a  corresponding  reduc- 
tion in  the  number  of  lines  of  force  passing  through  the  armature, 
and  hence  a  diminished  force  of  attraction.    The  reluctance  of 

each  air-gap  would  be  =  =  ?,  the  value    of    u 

a  x  fi        3  x  1        3*  r 

being  1  for  air,  so  that  for  the  two  air-gaps  §  would  have  to  be 
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added  to  the  reluctance  ot  the  magnetic  circuit.  In  addition  to 
this,  the  leakage  would  be  greatly  increased,  many  of  the  lines  of 
force  passing  across  the  air  space  between  the  two  magnet  limbs 
instead  of  through  the  armature,  and  this  also  would  have  to  be 
allowed  for,  as  will  be  presently  shown. 

It  is  frequently  convenient  to  speak  of  the  intensity  of  the 
magnetising  force  at  any  point,  instead  of  the  magneto-motive 
force  or  total  magnetising  force,  and  the  value  of  this  intensity  at 
a  point  is  denoted  by  the  symbol  H.  It  is  measured  by  the 
force  in  dynes  with  which  a  magnet-pole  of  unit  strength  would 
be  acted  on  at  the  point  in  question,  and  obviously  may  vary 
considerably  at  different  points  round  a  complex  magnetic  circuit. 
If  we  consider  the  case  of  a  long  straight  evenly  wound  solenoid, 
the  value  of  H  will  be  practically  uniform  inside  it  along  its 
whole  length  except  just  at  the  ends,  and  it  will  evidently  vary 
with  the  density  of  the  convolutions  of  wire,  or  the  number  per 
unit  of  length  of  the  solenoid.     The  value  of  H  will  in  fact  be 

4.1; c    _*  dynes,  where  c  is  the  current  strength  in  amperes,  and 

n  the  number  of  convolutions  per  unit  of  length  of  the  solenoid. 
Thus,  if  with  the  same  length  of  wire  the  solenoid  were  uniformly 
stretched  or  re-wound  so  as  to  become  double  its  original  length, 
the  total  number  of  turns  remaining  the  same,  the  value  of  H  at 
any  point  would  be  halved,  because  the  number  of  convolutions 
per  unit  of  length  would  be  halved.  But  since  the  total  number  of 
convolutions,  n,  is  unaltered,  the  value  of  the  magneto-motive  force 
is  the  same  as  before.  Now,  it  can  be  proved  that  for  a  very  long 
solenoid  of  length  /  centimetres  the  value  of  the  magneto-motive 
force  is  equal  to  H  x  /;  or,  the  magnetic  force  at  a  point  H  may 
be  found  by  dividing  the  magneto-motive  force  (that  is,  the  total 
magnetising  force)  by  /,  the  length  of  the  solenoid.  The  case  is 
rendered  clearer  and  more  exact  if  we  take  a  solenoid  wound 
uniformly  over  a  non-magnetic  tubular  ring.  If  the  solenoid  had 
n  convolutions  per  centimetre,  and  the  mean  circumference  of  the 
ring  were  /  centimetres,  then  a  unit  magnet-pole  would  experience  a 

A   T  f*  #f 

force  of  H  =  --  -       dynes  at  any  point  in  the  interior  of  the  sole- 

10 

1  noid,  and  it  would  require  the  expenditure  of  H  ergs  of  energy  to 

I  s  2 
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move  it  through  a  distance  of  one  centimetre  against  the  magnet- 
ising force,  and  therefore  H  x  /  ergs  to  move  it  all  the  way  round 
the  solenoid,  H  x  /  being  thus  a  measure  of  the  magneto-motive 
force.  Let  the  diameter  of  the  ring  be  now  increased  sufficiently 
to  double  its  mean  circumference  ;  then  the  convolutions  will  be 

half  as  dense  as  before,  being  only  -  per  centimetre,  and  conse- 
quently the  value  of  H  will  be  halved.  But  the  distance  through 
which  the  magnet-pole  must  be  moved  to  make  the  complete 
journey  has  been  doubled,  and  therefore  the  total  expenditure  of 

energy  is  still  -    x  2  /=  H  x  /ergs,  proving  the  magneto -motive 

2 

force  to  be  the  same  as  before. 

It  is  also  sometimes  necessary  to  specify  the  density  of  the 
lines  of  force  at  any  given  point,  or  the  number  passing  through 
a  square  centimetre  whose  plane  is  at  right  angles  to  the  direction 
of  the  lines,  and  this  density  is  denoted  by  the  symbol  B.  If  the 
magnetic  circuit  be  not  perfectly  uniform  throughout,  the  value  of 
B  may  differ  considerably  at  different  parts  thereof.  Thus,  sup- 
posing the  armature  to  be  entirely  removed  from  the  electro- 
magnet shown  in  fig.  1 28,  most  of  the  lines  of  force  would  pass  as 
far  as  possible  through  the  iron  core,  and  would  be  approximately 
equally  dense  at  all  parts  thereof  except  near  the  poles.  Here 
they  would  begin  to  leak  out  at  the  sides  of  the  iron  core  instead 
of  all  passing  out  through  the  ends  or  pole-faces,  and  in  crossing 
from  one  pole  to  the  other  through  the  air  space  they  would 
spread  out  in  all  directions.  The  value  of  B,  then,  would  be 
rather  less  in  the  iron  near  the  pole-faces  than  at  the  bend  and 
inside  the  solenoids,  while  it  would  be  comparatively  small  in  the 
air  space. 

If  we  wound  an  iron  ring  uniformly  with  wire,  through  which 
a  current  was  made  to  flow,  practically  all  of  the  lines  of  force 
would  make  the  complete  circuit  through  the  continuous  iron 
ring  and  the  value  of  B  would  be  the  same  at  all  parts  thereof. 
Suppose  the  area  of  cross- section  of  the  iron  to  be  3  square 
centimetres,  and  the  total  number  of  lines  of  force  N  to  be  27,000, 

N 

then  the  value  of  B  at  any  point  would  be  —  =  9000.     If   the 
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iron  core  were  removed,  we  may  suppose  the  value  of  B  to  fall  to 
15,  that  is,  15  lines  of  force  per  square  centimetre,  and  we  thus 
obtain  a  measure  of  the  increase  in  the  number  of  lines  of  force 
due  to  the  presence  of  the  iron  core,  which,  as  we  know,  measures 
the  '  permeability '  of  the  iron.  If  the  interior  of  the  solenoid 
is  occupied  by  air  or  any  other  non-  magnetic  substance,  a 
magnetising  force  of  value  H  can  produce  H  lines  of  force  per 
square  centimetre,  and  H  is  in  air  equal  to  B.  By  the  addition 
of  an  iron  core  B  increases  but  H  remains  unaltered,  and  the 
permeability  of  the  iron  is 

B 

In  the  instance  just  mentioned,  then,  the  permeability  of  the 
iron  would  be  9- —  =  600  under  the  existing  conditions. 

The  best  way  of  ascertaining  the  manner  in  which  the  value  of 
B  and  p  vary  in  any  given  sample  of  iron  or  steel  for  different 
values  of  the  magnetising  force  H,  is  to  determine  experimentally 
the  value  of  B  for  a  number  of  values  of  H  from  zero  upwards, 
and  the  results  are  conveniently  shown  by  plotting  curves.  This 
subject  will  be  referred  to  at  the  close  of  this  chapter. 

It  will  be  observed  that  by  simply  increasing  the  diameter  of 
an  iron  core,  and  also  the  diameter  of  the  convolutions  of  the 
helix  surrounding  it,  we  do  not  alter  the  value  of  H  or  B  provided 
the  current  strength  remains  constant,  because,  although  we  thereby 
increase  N,  the  total  number  of  lines  of  force,  the  corresponding 
increase  in  the  area  of  the  core  leaves  the  density  the  same  as 
before. 

It  must  be  remembered,  however,  that  supposing  the  electro- 
motive force  available  to  be  a  fixed  quantity,  any  increase  or 
decrease  in  the  diameter  of  the  coil  must,  if  the  number  of  con- 
volutions is  to  remain  constant,  proportionally  increase  or  decrease 
the  length  of  wire  and  its  resistance,  and  cause  thereby  a  decrease 
or  increase  in  the  current  strength,  unless  this  variation  in  the 
length  of  the  wire  is  accompanied  by  a  corresponding  variation  in 
its  cross-section,  so  as  to  keep  the  resistance  constant. 

Again,  supposing  the  dimensions  of  the  core  be  kept  constant, 
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and  that  it  is  desired  to  magnetise  it  more  strongly  by  adding  to 
the  number  of  convolutions,  care  must  be  taken  that  in  this 
instance  also  the  current  strength  is  kept  constant  by  a  corre- 
sponding increase  in  the  potential  difference  at  the  ends  of  the 
coil.  Were  the  potential  difference  to  remain  unaltered,  the 
additional  convolutions  would  not  bring  about  any  increased 
magnetisation  of  the  core.  For  example,  if  the  number  of  con- 
volutions were  doubled,  the  resistance  of  the  coil  would  be  at 
least  doubled,  and  the  current  therein  halved,  so  that  the  ampere 
turns  would  remain  unaltered. 

If  a  coil  consists  of  a  number  of  layers,  it  must  be  remembered 
that  the  length  of  the  wire  in  the  outer  layers  will  be  appreciably 
greater  than  in  the  inner.  To  take  an  extreme  case,  we  will 
suppose  the  coil  to  consist  of  ninety-nine  layers,  in  which  case 
the  length  of  wire  composing  the  ninety-ninth  layer  would  be 
considerably  greater  than  that  forming  the  first  Now,  the  cir- 
cumference of  a  circle  varies  directly  as  its  diameter,  and  is  equal 
to  2  ir  r,  where  ir  is  the  ratio  between  the  circumference  of  a  circle 
and  its  diameter  (or  3*1416),  and  r  is  the  radius  of  the  circle. 
If,  therefore,  the  diameter  of  the  outside  layer  is  actually  twice 
that  of  the  inside,  the  length  of  the  wire  in  each  of  the  larger 
turns,  and  consequently  in  the  whole  layer,  will  be  exactly 
doubled,  and  its  resistance  doubled  also ;  and  the  intermediate 
layers  will  vary  proportionately.  But  the  actual  resistance  of  the 
whole  coil  can  be  easily  calculated,  for  if  the  radius  of  the  inside 
layer,  the  resistance  of  which  is,  say,  5  ohms,  is  half  an  inch,  and 
that  of  the  outside  layer  one  inch,  the  mean  or  average  radius 
will  be  three-quarters  of  an  inch — that  is  to  say,  the  length  of 
wire  in  the  fiftieth  layer  will  be  half  as  long  again  as  that  in  the 
first.  Its  resistance  will  therefore  be  7*5  ohms.  Similarly,  the 
resistance  of  the  first  and  last  layers  together  will  be  15  ohms, 
or  an  average  of  7*5  ohms  per  layer,  and  this  will  be  true  of  every 
similarly  situated  pair  of  layers,  so  that  the  total  resistance  of  a 
number  of  layers  is  equal  to  the  resistance  of  the  middle  or 
average  layer  multiplied  by  the  number  of  layers.  In  the  coil 
under  consideration  the  resistance  will  be 

r  =  7*5  x  99  =  742-5". 
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When  the  field  due  to  a  certain  coil,  consisting  of  many  layers, 
is  insufficient  for  a  given  purpose,  it  may  become  advantageous  to 
re-wind  the  bobbin  with 
wire  of  a  smaller  gauge,  so 
as  to  get  a  greater  number 
of  turns  into  the  small 
compass.  A  reference  to 
the  diagram,  fig.  129,  will 
simplify  some  of  the  diffi- 
culties involved  in  a  consideration  of  this  matter.  Let  us  suppose 
the  figure  to  represent  a  wooden  or  ebonite  bobbin,  and  that  the 
length,  /,  of  the  space  occupied  by  the  coil,  or  the  distance 
between  the  '  cheeks '  of  the  bobbin,  is  3  inches,  while  the  radius, 
a1}  of  the  bottom  layer  to  be  wound  is  a  quarter  an  inch,  and  the 
extreme  radius,  a%9  of  the  coil  three-quarters  of  an  inch.  The 
mean  radius,  a,  will  be  half  an  inch,  or 


«  =  €'JL£?  =  -S. 


The  total  thickness,  /,  of  the  coil  or  of  the  layers  will  also  be 
half  an  inch,  or 

/  =  a%  —  a,  =  -5. 


As  we  have  already  seen,  the  length  of  one  turn  of  wire  of 
radius  ax  will  be  2  ir  ax  and,  if  there  are  n  turns  in  that  layer,  the 
length  of  wire  comprised  in  it  will  be  2  v  ax  x  n.  Supposing 
there  to  be  m  layers  in  the  coil,  having  the  mean  radius  a,  the 
total  length  l  will  be 


l=  2?ra  x  «  x» 


Now,  as,  in  winding  a  number  of  layers  of  wire  in  a  coil,  each 
turn  must  somewhere  or  other  cross  the  subjacent  turn,  it  follows 
that  the  turns  of  any  one  layer  cannot  be  placed  evenly  in  the 
grooves  or  recesses  between  the  turns  of  the  layer  immediately 
underneath  it ;  or,  in  other  words,  if  we  assume  the  wire,  with  its 
insulating  covering,  to  have  a  diameter,  d}  the  section  of  the 
space  occupied  or  appropriated   by  that  wire  will   really  be  a 
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square  whose  side  is  equal  to  d.     Consequently,  in  one  layer  the 
number  of  turns  n  will  be 

/ 
*-? 

and  the  number  of  layers,  m%  will  be 

/ 

m  =  -y 

d 
Substituting  these  values  for  m  and  n  in  (1)  we  get     • 

L=z27rax  jX_  = ^     _    _    .     .     .     (2). 

For  example,  let  the  diameter  of  the  wire,  with  its  insulating 
coating,  be  50  mils  (the  mil  is  the  thousandth  part  of  an  inch), 
then  the  length  of  this  wire  that  would  be  required  to  fill  the 
bobbin  illustrated  in  fig.  129  would  be 

2  (3*1416)  x  0*5  x  ^  x  o,{5        00    ■     l  ^   1       a 

1-  =     XJ    ^ — '—j—. — ^ — ^ ?_  -s  1885  mches  =  S25  yards. 

We  are  thus  able  to  calculate  not  only  the  length  of  wire 
required  to  fill  any  bobbin,  but  also  its  resistance,  the  resistance 
per  unit  of  length  being  ascertainable  from  tables.  Moreover, 
the  total  number  of  turns  of  wire  can  be  easily  calculated,  for, 
m  being  the  number  of  layers  and  n  the  number  of  turns  in  each 
layer,  the  product  m  n  will  give  the  total  required,  but 

m  =  ^,and«  =  -  ; 
a  d 

tl 
. .  m  n  =   ,2, 

or  m  n  =  °.  5  _  3  =  600  turns. 
(°'<>5)2 

Let  it  now  be  supposed  that  a  given  bobbin — say  of  the 
dimensions  shown  in  fig.  129 — is  to  be  filled  with  copper  wire 
which  shall  offer  a  definite  resistance,  say  5  ohms.  There  are 
then  only  three  quantities  known,  viz.  the  dimensions  of  the 
bobbin,  the  resistance  which  the  coil  is  to  offer,  and  the  specific 
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resistance  of  the  copper;  while  the  length  of  the  wire  and  its 
diameter  are  unknown  and  require  to  be  ascertained.  The  space 
in  which  the  wire  is  to  be  wound  can  be  calculated  from  the 
given  dimensions,  for,  v  being  this  space  or  volume, 

v  =  7r/(<*22  — a,2) (1). 

or  v  =  3'J4i6  x  3  (0752  —  02s2) 
=  47 1 2  cubic  inches. 

But  supposing,  as  will  be  actually  the  case,  that  the  wire, 
whose  diameter  is  </,  occupies  the  same  space  that  it  would  take 
were  it  to  be  square  instead  of  round,  then,  manifestly, 

v  =  l  x  d2 (2). 

As,  also,  the  total  resistance  of  the  wire  varies  directly  as  its 
length,  directly  as  its  specific  resistance  s  (which,  in  this  case,  as 
the  other  dimensions  are  in  inches,  we  take  as  the  resistance 
between  opposite  faces  of  an  inch  cube),  and  inversely  as  the  area 
or  cross-section  of  the  wire, 

l  x  s 
r  =  —    -  . 

area 

J   , 

that  is,  ir  — . 
4 

Therefore  r  =       „   , 

ir  — 

4 

d2 

that  is,  r  r  —  =  l  s, 

4 
or,  r  ir  d2  =s  4  l  s, 

and  d1  =  4--  s (3). 

R    IT 

But  from  (2)  it  will  also  be  seen  that 

*  =  ?     (4). 
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Consequently  4 —  =   .         (5^ 

and  4  ls  s  =  *■  r  v. 


TRY 


Therefore 


and,  finally,  l  =  A  /  ZJIJL        (6). 


By  inserting  the  numerical  values  on  the  right-hand  side  of 
this  equation,  the  length  l,  having  the  required  resistance,  can 
therefore  be  found,  after  which  we  can,  by  equation  (4),  determine 
also  the  gauge  of  the  wire.  It  must,  however,  be  noted  that,  for 
simplicity,  d  is  taken  as  the  diameter  of  the  bare  wire  in  equation 
(2),  thus  rendering  the  result  only  approximate ;  but  when  the 
thickness  of  the  wire  is  great  as  compared  with  that  of  the  insula- 
tion, the  formulae  approach  very  closely  to  the  truth.  A  method 
of  making  these  calculations,  in  which  the  space  occupied  by  the 
insulating  covering  is  allowed  for,  was  fully  explained  by  the 
authors  in  the  *  Electrical  Review '  for  June  5  and  12,  1896. 

It  is  frequently  useful  to  know  the  exact  length  of  any  par- 
ticular wire  which  can  be  wound  on  any  particular  bobbin,  and, 
knowing  v  and  d,  this  can  be  easily  ascertained,  for  if  dx 
represents  the  outer  diameter  of  the  wire  and  its  covering,  v  the 

volume  of  the  wire  space,  and  l  the  required  length,  then 

« 

d/ 

Returning  now  to  the  consideration  of  the  core  of  an  electro- 
magnet, it  is  evident  that,  generally  speaking,  it  is  advantageous 
to  make  the  magnetic  resistance  of  the  magnetic  circuit  as  low  as 
practicable,  in  order  to  obtain  the  requisite  number  of  lines  of  force 
with  the  minimum  magneto-motive  force ;  and,  consequently,  the 
three  factors,  length,  sectional  area  and  permeability,  should 
receive  due  consideration  in  determining  the  dimensions  of  the 
core  and  the  material  of  which  it  is  to  be  composed. 

If,  as  is  sometimes  the  case,  lightness  and  compactness  are 
important,  it  is  essential  to  employ  for  the  core  annealed  wrought 
iron   of  high   permeability,  as  then   the   desired  effect  can  be 
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obtained  with  the  minimum  sectional  area.  But  should  the 
question  of  weight  be  of  secondary  importance,  iron  of  lower 
permeability — even  cast  iron — may  be  employed.  For  example, 
in  the  case  of  the  massive  cores  for  the  field  magnets  of  dynamo 
machines,  the  requisite  quantity  of  the  highest  quality  wrought 
iron  is  not  only  expensive  as  regards  first  cost,  but  it  requires 
a  further  and  considerable  expenditure  upon  it  in  forging  and 
machining  it  up  to  the  proper  shape  and  dimensions  for  fitting  the 
parts  together  and  in  forming  the  cavity  for  the  reception  of  the 
rotating  armature.  Cast  iron  is  not  only  cheaper,  but  the  material 
may  be  cast  to  such  a  shape  that  it  requires  but  little  further  work 
to  be  done  upon  it ;  and  by  sufficiently  increasing  the  sectional 
area  of  the  core  over  and  above  that  which  would  be  required  if  it 
were  made  of  wrought  iron,  the  lower  permeability  is  compensated 
for.  It  must  not  be  forgotten,  however,  that  such  an  increase  in 
the  sectional  area  of  the  core  necessitates  the  employment  of  a 
correspondingly  greater  quantity  of  copper  wire  for  the  magnet- 
ising coil,  for  each  convolution  is,  of  course,  increased  in  length, 
and  in  most  cases  the  wire  must  also  be  increased  in  thickness  to 
prevent  the  greater  length  increasing  the  resistance  of  the  coil. 
Mild  steel  combines  to  a  considerable  extent  the  good  features  of 
wrought  iron  and  cast  iron  for  heavy  electro-magnet  cores,  for  it 
can  be  cast  into  moulds  as  readily  as  cast  iron,  while  some  qualities 
have  a  permeability  not  far  short  of  that  possessed  by  the  best 
wrought  iron.  Such  mild  steel  contains  a  very  small  percentage 
of  carbon  and  cannot  be  hardened  and  tempered  like  tool-steel 
(which  contains  a  much  greater  proportion  of  carbon,  and  has  a 
correspondingly  lower  permeability).  Mild  steel,  in  fact,  is,  in  its 
chemical  composition,  practically  the  same  as  wrought  iron, 
although  it  is  crystalline  in  its  structure,  on  account  of  the  fact 
that  its  particles  settle  down  under  no  external  restraining  force 
when  the  metal  solidifies  from  the  molten  state  in  which  it  is 
manufactured.  This  crystallinity  can  be  somewhat  reduced  by 
hammering  and  rolling,  and  it  is  absent  in  good  wrought  iron 
which  has  been  hammered  and  rolled  while  cooling  from  a  high 
temperature,  until  it  is  fibrous  throughout.  Even  wrought  iron,  if 
raised  to  a  very  high  temperature  and  then  allowed  to  cool  in  the 
absence  of  these  mechanical  restraining  forces,  becomes  crystalline, 
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and  loses  to  a  great  extent  its  valuable  mechanical  and  magnetic 
qualities. 

It  is  evident  that  before  the  dimensions  of  the  core  of  an 
electro-magnet,  such  as  that  employed  for  a  dynamo  field-magnet, 
can  be  decided  upon,  it  is  necessary  to  know  the  permeability  of 
the  metal  which  is  to  be  employed  for  the  purpose ;  and  since 
the  permeability  of  iron  or  steel  varies  considerably  with  the 
density  of  the  lines  of  force  passing  through  it,  that  is  to  say, 
with  the  value  of  B,  it  is  necessary  to  decide  upon  the  maximum 
density  at  which  the  core  is  to  be  worked.  If  a  piece  of  iron 
destitute  of  magnetisation  be  experimented  upon,  by  observing 
the  number  of  lines  of  force  obtained  through  it  with  a  number  of 
gradually  increasing  values  of  magnetising  force,  it  will  be  found 
that  the  effect  of  producing  a  few  lines  of  force  through  the  iron 
is  to  slightly  raise  the  value  of  its  permeability,  but  after  a  certain 
number  of  lines  have  been  urged  through  the  iron  the  permeability 
rapidly  diminishes  in  value,  and  beyond  a  certain  point  a  con- 
siderable increase  in  the  magnetising  force  makes  but  little  differ- 
ence in  the  value  of  B.  When  it  thus  becomes  very  difficult  to 
urge  additional  lines  of  force  through  a  piece  of  iron,  it  is  said  to 
be  magnetically  *  saturated/  but  no  definite  point  has  yet  been 
reached  at  which  it  can  be  said  to  be  absolutely  impossible  to 
increase  the  number.  Professor  Ewing  has  succeeded  in  forcing 
45,350  lines  of  force  per  square  centimetre  through  a  sample  of 
the  best  Yorkshire  (Lowmoor)  iron ;  but  in  order  to  obtain  this 
result  a  magnetising  force  of  no  less  value  than  H  =  24,500  had 
to  be  employed,  and  the  permeability,  /u,  was  thereby  reduced  to 
1  '85,  or  the  iron  in  this  condition  was  less  than  twice  as  permeable 
as  air.  This  result  was  obtained  by  turning  down  a  cylinder  of 
iron  in  the  middle  of  its  length  and  tapering  out  to  the  ends, 
so  that  it  consisted  of  two  cones  joined  together  by  a  narrow 
cylindrical  neck,  the  high  induction  mentioned  being  obtained  in 
the  narrow  neck  when  the  bases  of  the  cones  lay  against  the  pole- 
faces  of  a  powerful  electro-magnet.  In  practice  we  should  not,  of 
course,  work  with  anything  approaching  these  figures,  but  should 
be  content  with  a  value  of  B  where  the  metal  was  approaching  the 
saturation  point,  which  may  be  taken  as  approximately  16,000  to 
17,000  for  the  best  wrought  iron. 
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A  simple  method  for  determining  approximately  the  manner 
in  which  the  value  of  the  magnetic  induction  in,  say,  a  soft- iron 
rod  varies  for  different  values  of  the  magnetising  force  may  now 
be  considered. 

Suppose  the  rod  to  be  long  compared  with  its  diameter,  we 
may  fix  it  in  a  vertical  position,  with  its  upper  end  on  a  level  with 
and  at  a  convenient  distance  from  a  suspended  magnetic  needle, 
and  note,  by  the  deflections  of  the  needle  from  its  zero  position, 
the  manner  in  which  the  magnetisation  of  the  rod  increases  or 
diminishes.     The  needle  should  preferably  be  a  small  piece  of 
watch-spring,  magnetised,  and  cemented  on  to  the  back  of  a  small 
circular  mirror,  and  suspended  by  a  silk  fibre.     It  should  be 
mounted,  in  order  to  shield  it  from  air  currents,  in  a  small  glass- 
fronted  case.     A  beam  of  light  can  be  made  to  fall  on  the  mirror, 
and  the  reflected  beam  falling  on  a  scale,  the  movements  of  the 
spot  of  light  so  formed  may  be  made  to  indicate  with  great  exactness 
every  movement  of  the  needle.     The  iron  rod  being  of  considerable 
length,  its  lower  end  will  be  so  faraway  that  it  will  have  practically 
no  effect  on  the  needle.     If  a  coil  of  wire  be  wound  over  the  rod, 
currents  of  gradually  increasing  strength  can  be  sent  through  the 
coil,  and  the  magnetising  force  being  proportional  in  every  case 
to  the  current  strength,  while  the  deflections  of  the  needle  are 
approximately  proportional  to  the  magnetisation  of  the  rod,  a  set 
of  fairly  accurate  results  can  readily  be  obtained.     If  it  be  desired 
to  discover  exactly  what  the  increased  effect  due  to  the  iron  core 
is  at  every  stage,  it  is  only  necessary  to  remove  the  core,  and  take 
another  set  of  readings  with  the  coil  alone,  employing  a  similar 
set  of  values  for  the  current  strength  ;  and  then,  deducting  the 
deflections  so  obtained  from  those  previously  obtained  with  the 
core  in  the  coil,  the  effect  due  to  the  iron  can  be  deduced.     Or 
a  second  similar  coil  (without  an  iron  core)  might  be  placed  on 
the  other  side  of  the  needle,  and  the  two  coils  being  joined  in 
series,  so  that  they  would  always  have  equal  currents  flowing  in 
them,  the  position  of  the  subsidiary  coil  might  be  adjusted  until 
its  effect  on  the  needle  just  balanced  that  of  the  first  coil  without 
its  iron  core.     On  then  inserting  the  core  any  deflection  obtained 
would  be  due  to  the  increased  effect  caused  by  the  presence  of 
the  iron. 


270 


Electrical  Engineering 


chap,  vn 


Such  results  are  best  shown  by  plotting  on  squared  paper 
curves  similar  to  those  given  in  fig.  130.  This  squared  paper, 
which  is  exceedingly  useful,  is  ruled  with  a  number  of  equidistant 
horizontal  and  vertical  lines.  Let  it  be  supposed  that  the 
line  o  d  is  divided  into  a  number  of  equal  parts,  corresponding  to 
the  various  current  strengths,  so  that,  for  example,  from  o  to  the 
tenth  division  would  represent  five  times  the  current  strength  that 
would  be  indicated  by  two  such  divisions.  Let  us  also  suppose 
that  o  m  is  divided  equally,  and  that  the  divisions  correspond  to 
the  various  effects  produced  by  the  upper  end  of  the  iron  rod  and 

Fig.  130 
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coil  upon  the  needle.  Let  us  now  suppose  currents  of  various 
strengths,  indicated  by  the  distances  along  o  d,  to  be  sent  through 
the  coil,  then  any  one  effect  which  the  coil  with  its  core  exerts 
upon  the  needle  can  be  measured  along  the  line  o  m,  and  the 
distance  thus  measured  marked  off  upon  the  corresponding 
ordinate  projected  from  o  d.  The  thick  upper  curve  o  a  drawn 
through  the  intersecting  points  shows  graphically,  by  its  distance 
from  o  d,  the  deflecting  effect  produced  upon  the  needle  by  the 
various  currents  corresponding  to  the  distances  along  o  d.  Let  it 
be  further  supposed  that,  without  in  any  way  altering  the  position 
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of  the  needle  or  of  the  coil,  the  core  is  withdrawn  and  the  various 
currents  again  sent  through  the  coil.  Then  the  various  magnetic 
effects  of  the  coil  upon  the  needle  are  indicated  by  the  '  curve ' 
o  b,  which,  in  this  case,  is  a  straight  line,  and  which  demonstrates, 
therefore,  that  the  field  produced  by  the  coil  is  proportional  to 
the  current  flowing  through  it.  The  third  curve  o  c  is  particu- 
larly interesting.  Suppose  the  magnetic  effect  due  to  the  coil 
alone,  and  represented  by  the  distance  d  b,  to  be  deducted  from 
the  joint  effect  produced  with  the  same  current  by  the  core  and 
coil  combined,  and  represented  by  the  distance  d  a,  then  the 
remainder  ba  =  dc  will  represent  the  effect  produced  by  the  core 
alone.  And  if  this  subtracting  process  is  carried  out  along  each 
of  the  ordinates,  the  curve  o  c,  which  shows  at  every  point  the 
increased  effect  due  to  the  iron  core,  will  be  produced.  Now  it 
will  be  observed  that,  after  a  certain  point  has  been  reached,  this 
curve  becomes  a  nearly  horizontal  straight  line,  indicating  that 
the  saturation  point  of  the  iron  has  been  reached,  and  that  any 
further  increase  in  the  current  strength  does  not  add  appreciably 
to  the  magnetisation  of  the  core,  the  increase  in  the  strength  of  the 
field  developed  being  mainly  that  due  to  the  coil  itself. 

The  following  table  gives  a  number  of  results  obtained  for  a 
certain  specimen  of  soft  iron  by  Professor  Ewing.  The  specimen 
took  the  form  of  a  long  thin  rod,  which  was  caused  to  deflect  a 
small  suspended  needle  or  '  magnetometer '  in  a  manner  similar 
to  that  just  described,  and  the  results  are  perhaps  more  generally 
accurate  than  those  of  earlier  date  from  which  the  curve  given  in 
fig.  130  was  drawn. 
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In  fig.  131  these  tabulated  results  are  graphically  shown  by 
the  curve  in  which  the  various  values  of  the  magnetising  force  H 
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are  plotted  as  abscissae,  and  those  for  the  corresponding  induc- 
tion B  as  ordinates.  One  side  of  each  square  represents  one  unit 
of  magnetising  force,  and  another  side  one  thousand  units  of 
magnetic  induction.  For  example,  it  will  be  seen  from  the  table 
that  a  magnetising  force  of  4*5  developed  in  the  iron  11,640  lines 
of  force  per  square  centimetre,  and  this  particular  experiment  gave 
the  point  d  on  the  curve.  The  position  of  this  point  was  of  course 
fixed  by  first  taking  the  point  a  at  4*5  units  distant  from  o,  and 
then  the  point  c  at  a  distance  corresponding  to  1 1,640  units  from 
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o,  and  from  these  two  points  drawing  lines  at  right  angles  to  the 
horizontal  and  vertical  base-lines  respectively,  these  lines  inter- 
secting at  the  point  d.  The  curve  by  its  slow  initial  rise  from  the 
point  o,  followed  by  a  sudden  rise,  clearly  illustrates  the  fact  that 
the  permeability  of  the  iron  rapidly  increases  after  a  few  lines  of 
force  have  been  projected  through  it,  while  the  decided  bend  after 
the  point  d  has  been  passed  shows  the  stage  at  which  the  iron 
becomes  saturated.  It  will  also  be  observed  that  by  increasing 
the  magnetising  force  from  2  to  7,  the  magnetic  induction  was 
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increased  to  the  extent  of  about  13,000  lines ;  while  at  a  later 
stage  a  twofold  increase  in  the  magnetising  force — that  is  to  say, 
from  10  to  20 — failed  to  increase  the  induction  by  1000  lines. 
This  emphasises  the  fact  that  it  is  uneconomical  to  work  an  iron 
core  above  a  certain  density,  and  that  a  sufficient  quantity  of  iron 
should  be  employed  to  prevent  the  saturation  point  being  passed. 

The  student  should  now  be  able  to  understand  that  in  order 
to  ensure  that  the  armature  of  an  electro-magnet  similar  to  that 
illustrated  in  fig.  128  shall  be  capable  of  transmitting  a  large 
percentage  of  the  number  of  lines  of  force  which  pass  through  the 
core,  it  must  at  least  be  equal  in  permeability  and  correspondingly 
massive.  It  should  certainly  be  equal  in  section  to  the  core.  It 
will  be  seen  that  the  coil  is  divided  into  two  sections,  placed  one 
on  each  limb  or  leg  of  the  core.  The  direction  of  winding  is  such 
that,  were  the  core  straightened  out  and  the  coils  pushed  together 
so  that  their  ends  meet,  they  would  form  one  continuous  coil  or 
helix  ;  otherwise  the  tendency  would  be  to  develop  similar  instead 
of  dissimilar  poles  at  the  extremities  of  the  core.  The  iron  should 
preferably  be  the  best  and  softest  procurable,  and  should  be  bent 
(preferably  without  hammering)  so  that  the  poles  are  brought 
together;  a  comparatively  large  number  of  the  lines  of  force 
will  then  pass  through  the  space  between  the  poles  when  the 
armature  a  is  removed.  The  surfaces  in  contact  should  fit  as 
truly  as  possible,  so  that  there  is  the  minimum  air  space  between 
them.  Sharp  corners  or  edges  should  be  avoided,  and,  since  the 
natural  shape  of  the  lines  of  force  is  circular,  the  whole  should 
approximate  to  the  circular  form,  when  there  will  be  little  tendency 
for  the  lines  of  force  to  '  leak  out '  of  the  iron  and  complete  their 
circuit  through  the  air  space. 

Such  horseshoe  electro-magnets  are  frequently  constructed  to 
sustain  a  weight.  The  sustaining  power  is  not,  however,  neces- 
sarily in  strict  proportion  to  the  magnetising  force,  or  even  to  the 
total  number  of  lines  of  force  produced,  as  this-  power  depends 
also  upon  a  number  of  secondary  considerations  (such  as  the 
shape  of  the  pole-pieces  or  extremities  of  the  core,  the  dimensions 
and  surface  of  the  armature,  and  the  method  of  applying  the 
weight  to  be  sustained),  some  of  which  do'not  require  to  be  taken 
into  account  when  estimating  the  electro-magnetic   field  itself. 
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The  weight  can  be  suspended  from  a  hook  fixed  to  the  middle  of 
the  armature,  so  that  the  pull  upon  the  two  poles  is  equal,  the 
sustaining  power  being  measured  by  the  weight  which  can  be 
supported  by  the  armature  without  causing  its  separation  from 
the  magnet. 

It  is,  however,  frequently  preferable,  for  convenience  of  con- 
struction, as  in  the  case  of  some  forms  of  dynamo-electric  machines, 
as  well  as  in  telegraphic  and  other  similar  apparatus,  to  build  up 
an  electro-magnet  in  which  two  straight  cores  are  yoked  together 
by  a  piece  of  soft  iron  which  is  screwed  or  bolted  to  them.  The 
yoke  must  naturally  be  massive,  and  the  surfaces  fit  truly  to  avoid 
as  far  as  possible  the  introduction  of  a  magnetically  resisting  air 
space. 

In  addition  to  its  high  permeability,  pure  soft  iron  has  another 
property  which  recommends  its  adoption  for  the  cores  of  electro- 
magnets, and  that  is  its  low  '  retentivity, '  for  in  many  cases  electro- 
magnets are  required  to  develop  as  strong  a  field  as  possible  at 
some  particular  point  directly  the  current  commences  to  flow,  and 
to  lose  or  be  deprived  of  all  traces  of  magnetisation  on  the 
cessation  of  the  current.  Steel,  as  we  have  already  seen,  always 
retains  a  large  proportion  of  the  magnetisation  imparted  to  it. 
Hard  and  impure  iron  have  similar  properties,  inferior  only  to 
steel  itself.  There  is  no  doubt  that  these  properties  of  perme- 
ability and  retentivity  are  very  largely  governed  by  the  molecular 
structure  of  the  iron  or  steel,  and  by  the  greater  or  less  rigidity 
obtaining  among  the  particles  of  the  metal.  In  fact,  the  two 
properties  of  permeability  and  retentivity  are  to  a  great  extent 
linked  together ;  for  all  qualities  of  iron  or  steel  through  which  it 
is  difficult  to  urge  the  lines  of  force,  or  to  magnetise,  are  found 
to  be  correspondingly  obdurate  when  it  is  sought  to  demagnetise 
them,  or  deprive  them  of  magnetisation.  There  is,  therefore, 
a  double  gain  in  employing  pure  soft  iron,  for  not  only  is  its 
permeability  greater,  but  its  retentivity  is  also  less  than  that  of 
impure  or  hard  iron. 

On  the  other  hand,  in  selecting  a  material  for  permanent 
magnets  the  principal  thing  to  be  considered  is  the  retentivity, 
which,  of  course,  should  be  as  high  as  possible.  No  substance 
has  yet  been  found  which  is,  in  this  respect,  superior  to  good 
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hard  steel.  Some  specimens  of  steel  have  been  made  so  hard  that 
efforts  to  appreciably  magnetise  them  have  proved  futile.  One  of 
the  most  remarkable  features  to  be  observed  in  this  matter  is  the 
extraordinary  effect  produced  by  the  admixture  of  a  small — one 
might  almost  say  a  minute — proportion  of  other,  or  foreign,  sub- 
stances with  the  iron.  Just  as  a  fractional  proportion  of  iron  or 
other  metal  added  to  copper  causes  a  large  increase  in  its  electrical 
resistance,  so  the  addition  of  carbon,  tungsten,  phosphorus,  sulphur, 
arsenic,  &a,  to  iron  reduces  its  permeability  and  increases  its 
retentivity.  In  the  case  of  ordinary  steel  the  retentivity  is  evi- 
dently due,  in  a  great  measure,  to  the  presence  of  carbon,  and, 
with  a  bar  of  good  magnet-steel,  the  permeability  is  so  feeble,  and 
the  retentivity  so  great,  that  it  is  impossible,  by  electro-magnetic 
induction,  to  upset  the  molecular  arrangement  in  the  interior  of 
the  bar,  so  that  the  magnetisation  is  in  reality  little  more  than 
skin-deep.  This  can  be  easily  proved  by  magnetising  a  small 
piece  of  very  hard  steel  and  then  immersing  it  in  dilute  sulphuric 
or  hydrochloric  acid.  In  a  few  moments  the  surface  of  the  metal 
will  have  been  dissolved,  and  on  withdrawing  it  from  the  liquid 
all  traces  of  magnetisation  will  have  disappeared.  Consequently, 
it  is  preferable,  in  making  a  large  permanent  magnet,  to  build  up 
a  number  of  thin  strips  of  steel  cut  to  size  and  then  magnetised 
separately.  On  fastening  them  together,  the  built-up,  or  '  lami- 
nated,' magnet  will  be  found  capable  of  producing  a  far  stronger 
field  than  can  be  obtained  with  any  solid  magnet  of  similar 
dimensions.  It  should,  however,  be  added  that  in  building  up 
such  a  compound  magnet  there  is  no  advantage  in  employing  brass 
screws  or  bolts  to  fasten  the  individual  magnets  together  as  is 
usually  done.  In  fact,  this  plan  cannot  but  disperse  the  lines  of 
force  passing  through  the  magnets,  and  therefore  weaken,  more 
or  less,  the  polar  strength.  Iron  screws  or  bolts  are  mechanically 
as  well  as  magnetically  preferable. 

It  is  interesting  to  notice  that  specimens  of  steel  have  been 
made,  containing  12  per  cent,  of  manganese,  which  it  has  been 
found  practically  impossible  to  magnetise  even  under  the  influence 
of  a  very  powerful  field.  Apparently  the  molecular  rigidity  is  so 
great  that  no  ordinary  magnetising  force  can  overcome  it  and 
make  the  particles  take  up  new  positions  ;  and  this  assumption  is 
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partly  borne  out  by  the  fact  observed  by  Mr.  Hadfield  (who  intro- 
duced this  particular  kind  of  steel)  that  long-continued  vibration 
appreciably  increases  its  susceptibility  to  magnetisation.  Similar 
results  follow  when  the  proportion  of  carbon,  phosphorus,  sulphur, 
&c,  mixed  with  the  iron  exceeds  a  certain  small  limit,  while  the 
admixture  of  even  a  small  percentage  of  antimony  suffices,  it  is 
alleged,  to  destroy  all  trace  of  magnetic  properties.  There  should 
certainly  be  a  large  field  of  practical  utility  open  to  the  economical 
manufacture  of  unmagnetisable  iron.  For  example,  the  bed-plates 
of  certain  types  of  dynamos  (now,  however,  obsolete  so  far  as  the 
manufacturer  is  concerned)  are  frequently  separated  from  the  field- 
magnets  by  huge  slabs  of  zinc  or  brackets  of  gunmetal  because, 
otherwise,  the  bed  plates  would  form  what  may  be  called  a  mag- 
netic short-circuit  between  the  poles  of  the  field- magnets.  Zinc  is 
mechanically  much  weaker  than  iron,  and  this,  added  to  its  very 
much  higher  price,  renders  its  use  objectionable.  Gunmetal, 
although  much  stronger  than  zinc,  is  still  more  expensive.  To 
avoid  the  difficulty,  comparatively  small  two-pole  dynamos  are 
rarely  designed  with  their  pole-pieces  downwards,  but  are  turned 
about  so  that  the  bed-plate  is  connected  to  the  yokes  or 
magnetically  neutral  portions  of  the  field-magnets.  Under  such 
circumstances  scarcely  any  of  the  lines  are  wasted  by  passing 
through  the  bed-plate. 

Reverting  to  the  question  of  magnetic  inertia,  it  may  be  men- 
tioned that  any  cause  which  may  operate  to  set  up  molecular 
vibrations  in  a  piece  of  iron  or  steel  facilitates  either  magnetisa- 
tion or  demagnetisation — that  is  to  say,  if  the  metal  is  placed  in 
a  magnetic  field  and  vibrations  then  set  up  in  it,  it  will  be  more 
readily  and  more  powerfully  magnetised  than  would  be  the  case 
were  the  vibrations  not  set  up,  and,  conversely,  a  magnet  loses  its 
magnetisation  by  being  set  in  vibration,  due  to  the  fact  that 
facilities  are  thereby  afforded  for  the  individual  particles,  which 
are  themselves  magnets,  to  partially  rotate  and  form  little  closed 
magnetic  circuits  in  the  mass  of  the  metal.  These  vibrations  can 
be  caused  by  heating,  hammering,  twisting,  or  any  other  similar 
violent  treatment.  Hence  permanent  steel  magnets  should  always 
be  placed  down  gently,  and  never  dropped  or  thrown  down,  other- 
wise the  magnetisation  will  be  more  or  less  destroyed.     A  magnet 
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raised  to  a  red  heat  loses  its  magnetisation  entirely,  and  this  can 
easily  be  demonstrated  by  heating  a  magnetised  sewing-needle  in 
a  gas  flame  ;  and,  further,  while  at  that  temperature  it  is  no  longer 
attracted  by  a  magnet,  but  acts  similarly  to  a  non-magnetic  metal. 
It,  however,  recovers  its  magnetic  properties  on  cooling  down, 
but  does  not,  of  course,  recover  any  magnetisation  which  may 
previously  have  been  imparted  to  it. 

By  adopting  the  precautions  referred  to,  permanent  steel 
magnets  can  be  made  capable  of  sustaining  more  than  thirty  times 
their  own  weight,  and  a  description  of  the  method  practically 
adopted  for  the  manufacture  of  permanent  steel  magnets  capable 
for  some  years  of  supporting  about  twenty-five  times  their  own 
weight  may  prove  serviceable.  In  this  case  the  best  tungsten 
steel  is  employed.  It  is  heated  gently  to  a  dull  red  heat  and 
hammered  into  the  required  shape,  care  being  taken  not  to  raise 
the  temperature  too  high,  or  the  tungsten  may  be  volatilised.  Even 
a  small  magnet  may  therefore  require  to  be  placed  in  the  fire  several 
times  before  the  necessary  shape  has  been  obtained.  This  process 
being  completed,  the  steel  is  then  hardened  by  being  first  placed 
in  a  close  fire  out  of  contact  with  air  so  as  to  ensure  uniform  heat- 
ing and  to  prevent  the  formation  of  a  hard  scale  of  iron  oxide.  It 
is  then  dipped  into  a  water  bath.  This  latter  process  must  be 
carefully  attended  to,  or  the  metal  will  be  twisted  or  otherwise 
distorted.  It  should  be  held  vertically,  and,  if  of  the  horseshoe 
pattern,  its  extremities  should  be  dipped  in  first,  and  then  steadily 
lowered  into  the  water.  The  next  process  is  that  of  polishing, 
after  which  it  is  passed  a  few  times  over  the  poles  of  a  large  and 
powerful  permanent  magnet,  the  steel  being  turned  over  once  or 
twice  so  as  to  magnetise  both  faces.  Of  course,  a  large  electro- 
magnet, with  a  powerful  current  circulating  through  its  coils,  can 
be  employed,  but  the  permanent  magnet  is  quite  as  efficient, 
provided  it  be  sufficiently  powerful. 

Concerning  the  difficulty  of  magnetising  very  hard  steel  to  any 
great  depth  below  the  surface,  it  may  be  interesting  to  mention 
briefly  some  experiments  which  we  have  performed,  using  sulphuric 
acid  solution  to  dissolve  the  surface  particles  of  the  steel.  Our 
experiments  were  suggested  by  the  publication  by  Professor 
Hughes  of  his  classical  papers,  which  threw  considerable  light  on 
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the  fundamental  principles  of  magnetism,  and  constituted  a  great 
advance  in  the  practical  application  of  the  science.  One  of  the 
most  beautiful  experiments  was  that  in  which  a  steel  rod,  or, 
better  still,  a  steel  strip,  was  slightly  twisted  to  the  right  and  then 
magnetised  by  being  passed  over  the  pole  of  a  bar  magnet  in  one 
direction.  It  was  then  similarly  twisted  to  the  left  and  oppositely 
magnetised  by  being  passed  over  the  same  pole  in  the  jeverse 
direction.  Hughes  found  that  when  the  torsion  was  released,  and 
the  strip  assumed  its  normal  condition,  it  gave  no  evidence  of 
magnetisation,  but  by  simply  twisting  it  either  to  the  right  or  to  the 
left  it  at  once  gave  evidence  of  magnetisation,  and  in  the  same 
sense  as  that  imparted  to  it  while  under  the  particular  twist — that 
is  to  say,  the  polarity  could  be  reversed  by  twisting  first  to  the 
right  and  then  to  the  left.  In  our  experiments  we  sought  to  bring 
about  this  superimposed  polarity  without  mechanically  altering, 
by  twisting  or  otherwise,  the  position  of  the  particles  of  steel,  and 
to  demonstrate  the  success  of  the  experiment  by  chemical  means. 
For  example,  a  small  steel  rod  was  raised  to  a  red  heat  and 
plunged  in  water  while  in  a  strong  magnetic  field.  It  thus  became 
hardened  and  at  the  same  time  powerfully  magnetised.  It  was 
next  drawn  gently  over  one  pole  of  a  powerful  magnet  in  such 
a  direction  as  to  magnetise  it  in  the  opposite  sense  to  that  pre- 
viously imparted,  the  process  being  continued  until  there  was  no 
external  evidence  of  magnetisation.  The  rod  was  then  immersed 
into  a  sulphuric  acid  solution,  in  line  with  a  magnetometer. 
Immediately  after  immersion  there  was  no  deflection  of  the 
magnetometer  needle,  the  rod  behaving  similarly  to  a  piece  of 
unmagnetised  steel.  In  a  very  short  time,  however,  the  magneto- 
meter needle  began  to  move  slowly,  say,  to  the  left,  the  deflection 
gradually  increasing  up  to  a  certain  maximum  from  which  it  as 
gradually  fell  to  zero,  when  it  was  found  that  nearly  the  whole  of 
the  steel  rod  had  been  dissolved.  Were  the  process  to  which  the 
steel  rod  had  been  subjected  unknown,  it  would  appear  that  the 
mere  immersion  in  the  solution  and  the  consequent  chemical  action 
had  imparted  magnetisation  to  it ;  but,  of  course,  the  fact  is  that 
the  outer  layers  only  were  reversed  in  magnetisation,  and  to  a 
sufficient  extent  to  just  neutralise  the  magnetisation  of  the  interior 
of  the  rod,  which  remained  unaltered.     As  the  outer  layers  were 
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dissolved,  the  interior  magnetisation  preponderated  more  and 
more,  until  when  the  whole  of  the  exterior  magnetised  shell  had 
been  dissolved  the  maximum  deflection  was  obtained.  The  sub- 
sequent fail  in  the  deflection  resulted  from  the  gradual  dissolution 
of  the  interior  portion.  A  number  of  other  experiments  were 
performed,  some  of  them  of  a  more  or  less  fanciful  character,  but 
all  involving  the  same  principle. 

We  have  stated  frequently — so  frequently,  in  fact,  that  we  feel 
it  is  almost  necessary  to  apologise  for  repeating  the  statement — that 
when  a  current  of  electricity  is  set  up  in  a  wire,  an  electro-magnetic 
field  is  almost  immediately  generated  in  the  region  surrounding 

Fig.  132 


that  wire.  But  the  converse  of  this  is  also  true,  viz.  that  when 
an  electro -magnetic  field  is  suddenly  set  up  around  a  wire,  there 
is  a  tendency  for  a  current  to  be  generated  in  that  wire  during  the 
setting  up  of  the  field,  and  if  the  wire  forms  part  of  a  complete 
circuit  a  current  will  flow  along  it  The  source  of  the  field  is 
immaterial :  it  may  be  a  permanent  magnet,  a  straight  wire  or  a 
helix  carrying  a  current ;  all  that  is  essential  being  that  the  lines 
of  force  should  be  thrust  across  the  wire,  or  that  the  wire  should 
be  moved  in  such  a  manner  as  to  cut  the  lines  of  force  transversely. 
As  an  instance,  let  a  p,  b  s  (fig.  132)  be  two  wires  running  side 
by  side  for  a  certain  distance,  each  forming  part  of  a  complete 
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circuit  If  a  current  is  started  in  a  p,  lines  of  force  will  imme- 
diately start  from  its  centre  or  axis,  in  the  form  of  widening 
circles,  and,  cutting  the  second  wire,  b  s,  set  up  an  electro-motive 
force  therein  and,  in  consequence,  generate  an  electric  current. 
It  is  only,  however,  while  the  lines  of  force  are  actually  cutting 
the  second  wire  that  the  e.m.f.  is  developed,  and  as  this  cutting 
ceases  immediately  the  current  in  a  p  arrives  at  its  full  strength, 
the  induced  current  lasts  but  for  a  moment.  In  direction  it 
is  opposite  to  that  of  the  current  in  the  wire  a  p.  While  the 
original  current  is  steady  many  of  the  lines  of  force  due  to  it  are 
embracing  the  adjacent  wire  b  s,  but,  being  relatively  at  rest,  they 
have  no  effect  thereon. 

When  the  current  in  a   p  is  stopped,  all  the  lines  of  force 
collapse  upon  it,  and  those  which  extended  beyond  the  wire  b  s 

again  cut  it,  and  thereby 
induce  in  it  another  mo- 
mentary current.  But  since 
the  lines  now  cut  the  wire 
b  s  in  the  opposite  sense  (for 
they  approach  it  from  the 
opposite  side),  the  resulting 
current  is  in  the  opposite 
direction  to  the  previous 
one — that  is,  it  is  now  in 
the  same  direction  as  the 
inducing  current  which  was 
flowing  in  the  wire  a  p. 
By  noting  the  direction  of 
the  lines  of  force  due  to  the  inducing  current,  and  the  direction  in 
which  they  must  coil  round  the  wire  b  s  during  the  time  they  are 
passing  it,  we  might  predict  the  direction  of  the  induced  current  in 
either  case.  It  is  somewhat  difficult  to  make  this  clear  by  diagrams, 
but  an  analogy  may  assist  us  to  a  great  extent.  When  any  small 
body  is  dropped  on  the  surface  of  still  water  it  breaks  that  surface 
into  a  series  of  ripples  which  take  the  form  of  ever- widening  con- 
centric circles  as  in  fig.  133,  where  a  is  the  point  of  generation. 
In  such  a  manner  do  the  lines  of  force  spring  into  existence  from 
a  wire,  only  with  far  greater  rapidity,  and  it  is  difficult  in  either 
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case  to  fix  a  limit  to  their  extent  if  the  medium  (the  water  or  the 
ether)  is  not  limited. 

Now,  if  these  water  ripples  meet  any  obstruction,  a  post  for 
instance,  at  the  point  c,  they  set  up  around  it  a  series  of  circular 
ripples,  feebler,  perhaps,  but  precisely  similar  in  character  to 
themselves.  It  is  difficult  at  present  to  say  with  certainty  exactly 
what  happens  in  the  case  of  the  electro-magnetic  lines  of  force, 
but  we  can  safely  use  the  analogy  for  the  purpose  of  demonstrat- 
ing that  the  direction  of  the  lines  of  force  round  the  wire  in  which 
the  current  is  induced  is  opposite  to  their  direction  round  the 
inducing  wire.  For,  suppose,  as  in  the  case  of  the  lines  of  force, 
the  original  ripples  round  a  to  have  what  is  called  a  positive 
direction — that  is  to  say,  that  the  ripples  circulate  in  a  right- 
handed  direction  after  the  manner  of  the  hands  of  a  clock,  as 
indicated  by  the  arrows  in  the  figure ;  then,  since  that  direction 
would  not  be  reversed  by  reflection  at  the  obstacle  c,  they  must  go 
round  c  left-handedly  or  contrary  clock- wise.  Now,  if  these  were 
electro-magnetic  lines  of  force  we  know  (Chapter  IV.)  that  their 
direction  would  indicate  a  current  flowing  downward  through  a, 
and  upward  through  c,  and  thus  we  can  readily  perceive  how  the 
starting  of  a  current  in  one  wire  gives  rise  to  an  inverse  one  in 
a  neighbouring  wire.  Further  we  see  that  it  is  only  while  the 
original  ripples  generated  from  a  are  passing  the  point  c  that 
these  secondary  ripples  can  be  generated  or  called  into  existence, 
and  we  may  again  picture  to  ourselves  how  it  is  that  a  current  is 
induced  in  a  wire  only  during  the  time  that  the  current  in  the 
neighbouring  wire  is  attaining  its  full  strength. 

Let  us  now  suppose  it  possible  to  cause  a  series  of  ripples  to 
collapse  upon  the  point  a,  in  the  same  manner  that  we  imagine 
lines  of  force  to  collapse  upon  a  wire.  Before  arriving  at  a  they 
would  meet  with  c,  and,  as  before,  generate  a  series  of 
secondary  ripples,  but  in  this  case  their  direction  round  c  and  a 
would  be  the  same,  for  now  they  approach  c  from  the  opposite 
side,  that  is,  the  side  remote  from  a.  Again  assuming  the  ripples 
to  have  a  positive  direction,  the  arrows  in  fig.  134  show  that  their 
direction  will  be  the  same  round  each,  and  if  a  and  c  were  wires 
and  the  circles  lines  of  force,  the  current  in  each  wire  would  be 
flowing  downward  through  the  paper.     It  thus  becomes  easy  to 
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Fig.  134 


imagine  how  the  stoppage  of  a  current  in  a  wire  induces  in  a 
neighbouring  wire  a  current  in  the  same  direction  as  itself.  The 
wire  in  which  a  current  is  induced  is  called  the  secondary,  and 
the  one  which  carries  the  inducing  current  is  termed  the  primary 
wire. 

Further,  it  should  be  noted  that  the  induced  current  must 
always  have  such  a  direction  that  it  opposes  the  action  which 
produces  it,  otherwise  the  induced  and  inducing  currents  would 
increase  without  limit,  i.e.  the  conditions  would  be  unstable. 

Now,  if  in  fig.  132  the  wire  a  p  while  carrying  a  steady  current, 
were  suddenly   brought  close  to  b  s,  or  if  b  s  were   suddenly 

brought  close  to  a  p,  the 
lines  of  force  would  cut 
b  s  in  precisely  the  same 
manner  as  they  did  when 
a  current  was  started  in 
a  p.  The  result  would 
therefore  be  the  same — 
that  is,  a  momentary 
current  would  be  de- 
veloped by  induction 
in  b  s  in  the  opposite 
direction  to  that  of  the 
current  in  a  p.  Further- 
more, if  the  two  wires 
were  then  suddenly 
moved  asunder,  b  s 
would  be  cut  by  the 
retreating  lines  of  force  just  as  it  was  cut  during  the  stopping 
or  the  dying  away  of  the  primary  current,  and  a  direct  induced 
current  would  therefore  be  the  result. 

These  induced  currents  bear  a  very  simple  ratio  to  the  currents 
producing  them.  The  e.m.f.  in  the  secondary  wire  is  proportional 
to  the  number  of  lines  of  force  which  cut  it,  and  also  to  the  rate 
at  which  they  cut  it.  Now,  the  number  of  lines  of  force  may  be 
increased  by  increasing  the  strength  of  the  current  in  the  primary 
wire,  or  by  adding  to  the  length  of  the  wires  in  proximity.  In  the 
latter  case,  however,  it  is  more  convenient  to  wind  the  longer 


chap,  vn  Electro-magnetic  Induction  283 

wires  in  spirals  or  helices,  when  the  effect  will  be  similar  to  that 
which  would  result  from  two  long  straight  wires.  It  is  evident 
that  the  two  wires  should  be  as  close  together  as  possible,  other- 
wise those  lines  of  force  very  near  the  primary  wire  would  not 
reach  the  secondary  wire  at  all,  and  would,  therefore,  fail  to 
produce  any  effect  therein.  In  some  cases  when  it  is  desired  to 
obtain  a  powerful  induced  current,  the  primary  and  secondary 
wires  are  wound  in  the  form  of  concentric  helices,  and  an  iron 
core  is  inserted  to  increase  the  number  of  lines  of  force  which 
cut  the  secondary.  Having  by  such  means  made  the  number  of 
effective  lines  as  high  as  possible,  the  only  other  thing  to  be 
done  in  order  to  increase  the  secondary  e.m.f.  is  to  make  the  rate 
at  which  the  secondary  wire  is  cut  by  these  lines  as  great  as 
possible. 

Now  supposing  the  two  wires  a  p,  b  s  (fig.  132)  to  lie  quite 
close  together,  and  that  it  be  possible  for  the  current  in  a  p 
to  be  started  and  to  arrive  at  its  full  strength  instantaneously  ;  the 
rate  at  which  its  lines  of  force  would  cut  b  s  would  then  be  a 
maximum,  and  we  should  get  a  heavy  but  extremely  brief  in- 
duction. In  practice,  when  a  current  is  started  jn  a  wire  it  does 
not  rise  to  its  full  strength  instantaneously,  nor  does  it  stop 
suddenly ;  time  is  taken  for  the  lines  of  force  to  spring  into 
existence  and  to  die  away,  and  under  certain  conditions  this  time 
may  be  considerable.  To  understand  the  principal  cause  of  this 
sluggishness,  let  us  refer  again  to  fig.  133  and  further  study  the 
case  of  the  water  ripples.  A  little  thought  or  experiment  will 
make  it  evident  that  the  secondary  ripples  round  c  will  quickly 
reach  the  point  a,  and  if  the  body  which  caused  the  disturbance 
is  still  there,  will  set  up  around  it  ripples  in  the  same  sense  as 
the  original  ones.  Now,  suppose  two  wooden  balls,  a  and  b,  were 
dropped  into  the  water  at  the  same  moment  close  together  and 
equidistant  from  c,  they  would  set  up  ripples  round  c,  each  to  the 
same  extent  and  in  the  same  sense  ;  in  fact,  the  number  round  c 
would  be  doubled.  But  still  stronger  is  the  effect  of  a  and  b  round 
each  other,  and  (still  assuming  a  positive  direction  just  as  we  do 
for  lines  of  force)  the  direction  of  the  ripples  so  set  up  round  each 
will  be  opposite  to  those  which  it  generates.  In  the  same  way  if 
a  primary  wire  is  looped  into  two  convolutions,  a  and  b,  they" 


284  Electrical  Engineering  chap,  vii 

will  generate  round  an  equidistant  loop  of  the  secondary,  c,  just 
double  the  number  of  lines  of  force  which  one  will ;  .but  they  also 
react  upon  each  other,  each  setting  up  round  the  other  lines  of 
force  in  that  direction  which  would  generate  a  current  tending  to 
stop  the  primary  one,  the  result  being  that  this  primary  current 
does  not  rise  so  rapidly  to  its  full  strength.  This  retardation 
increases  as  we  increase  the  number  of  convolutions ;  in  fact,  it 
varies  directly  as  the  square  of  the  number  of  convolutions  into 
which  the  primary  wire  is  looped,  because  the  number  of  lines  of 
force  threading  the  loop  is  proportional  to  the  number  of  con- 
volutions, and  the  current  induced  in  the  loop  when  these  lines 
vanish  is  proportional  to  the  product  of  the  number  of  lines  and 
the  number  of  convolutions.  Therefore  the  retardation  in  a  coil 
of  100  turns  would  be  100  times  as  great  as  in  a  coil  of  10  turns. 

In  a  precisely  similar  manner  the  reaction  of  adjacent  convo- 
lutions prevents  the  instantaneous  stoppage  of  a  current ;  for,  at 
the  moment  of  disconnecting  the  battery  or  other  current  generator, 
lines  of  force  collapse  upon  each  convolution,  and  in  so  doing 
they  cut  the  other  convolutions  and  generate  a  direct  induced 
current  which  will  also  vary  as  the  square  of  the  number  of  turns, 
and  tend  to  prolong,  or  more  correctly  speaking  to  retard  the 
disappearance  of,  the  primary  current. 

The  electro-motive  force  resulting  from  this  collapsing  of  the 
lines  of  force  may  be,  and  usually  is,  much  higher  than  that  which 
maintains  the  original  current.  This  may  easily  be  demonstrated, 
for  supposing  the  battery  used  to  consist  of  ten  Daniell  cells, 
then,  if  the  poles  are  connected  by  a  short  piece  of  wire,  no 
spark,  or,  at  the  most,  a  very  feeble  one,  is  observable  when  the 
circuit  is  closed  and  opened  quickly.  If  this  same  battery  is 
made  to  send  a  current  through  a  coil  of  many  turns  of  wire, 
although  its  resistance  may  be  high  and  cause  the  current  to  be 
comparatively  weak,  yet  on  breaking  the  circuit  a  spark  will  be 
observed.  This  is  due  to  the  fact  that  the  lines  of  force  fall 
back  so  quickly  upon  their  respective  convolutions  in  the  coil, 
that  they  cut  the  adjacent  convolutions  with  sufficient  rapidity 
to  generate  a  momentary  e.m.f.  high  enough  to  produce  a 
current  sufficiently  strong  to  volatilise  a  portion  of  the  metal,  and 
to  maintain  the  current  across  the  vapour-filled  space  for  a  brief 
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interval,  even  after  the  wires  are  moved  asunder.  This  effect  is 
still  more  striking  if  in  a  dark  room  contact  is  broken  between 
a  wire  and  a  mercury  surface,  when  a  little  of  the  mercury  is 
volatilised ;  and,  since  the  effect  of  iron  placed  in  the  vicinity  is 
to  increase  the  number  of  lines  of  force  which  are  active,  the  spark 
can  be  increased  enormously  by  placing  a  core  inside  the  coil. 

The  term  '  self-induction '  has  been  given  to  this  action,  which 
prevents  the  instantaneous  rise  and  fall  of  a  current,  and  it  will  be 
evident  from  what  has  been  said,  that,  in  the  case  of  a  simple 
straight  wire,  this  phenomenon  is  almost  imperceptible,  and  that, 
in  order  to  make  the  self-induction  of  any  circuit  a  maximum,  the 
wire  should  be  wound  into  as  many  convolutions  as  possible,  and 
be  provided  with  plenty  of  iron. 

In  some  cases  it  is  desired  to  design  electro-magnets  which 
shall  be  affected  as  little  as  possible  by  brief,  sudden  fluctuations 
of  the  magnetising  current.  It  is  manifest  that  in  such  a  case  the 
electro-magnetic  inertia—  that  is,  the  self-induction — must  be  made 
high  by  using  a  long  and  massive  core  and  a  great  number  of 
turns  of  wire  ;  for  as  we  have  seen,  self-induction  prevents  a  rapid 
rise  or  fall  of  the  current  in  just  the  same  way  that  the  inertia  of 
matter  prevents  any  instantaneous  change  in  its  motion.  If,  on 
the  other  hand,  an  electro-magnet  is  required  to  be  quick-acting,  or 
to  be  very  sensitive  to  any  variation  in  the  current,  self-induction 
should  be  as  low  as  possible,  and  in  order  to  obtain  this,  the 
coil  should  consist  of  as  few  turns  of  wire  as  possible,  and  the  core 
should  be  short,  and  not  form  a  complete  circuit  of  iron. 

The  fact  that  when  a  conductor  is  cut  by  lines  of  force  a 
current  is  generated  therein  if  it  forms  part  of  a  complete  electrical 
circuit  enables  us  to  compare  the  strengths  of  different  fields. 
For  example,  we  can  place  a  small  exploring  coil  which  encloses 
just  one  square  centimetre  in  a  certain  field  with  its  plane  at  right 
angles  to  the  lines  of  force,  when  it  will  enclose  lines  of  force 
equal  to  B,  or  the  number  per  square  centimetre  in  the  field.  By 
suddenly  removing  the  coil  from  the  field  it  will  cut  all  the  lines 
of  force  which  it  previously  embraced,  and  the  resulting  current 
will  be  proportional  to  this  number.  Consequently  if  the  coil  be 
similarly  placed  in,  and  removed  with  equal  suddenness  from, 
a  second   field,   the   second  current  so  obtained  will  also   be 
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proportional  to  the  strength  of  that  field,  and  by  comparing  the 
strength  of  the  two  currents  we  can  effect  a  comparison  between 
the  strength  of  the  two  fields.  Instead  of  removing  the  coil  it 
may  be  suddenly  turned  through  a  right  angle,  when  its  plane  will 
lie  parallel  to  the  lines  of  force,  in  which  position  it  will  embrace 
none  of  them  ;  or  it  may  be  turned  through  180  degrees,  in  which 
case  twice  the  current  strength  will  be  obtained  on  each  occasion, 
since  the  coil  will  cut  the  whole  of  the  lines  of  force  which 
it  embraced,  twice  instead  of  once  only.  The  resistance  of  the 
electrical  circuit  and  all  other  conditions  must  of  course  remain 
the  same  during  the  experiments  on  both  fields.  To  put  the 
matter  more  precisely,  the  electro-motive  force  generated  in 
the  coil  will  be  proportional  to  the  number  of  convolutions  in  the 
coil,  to  the  number  of  lines  of  force  which  it  cuts,  and  to  the 
speed  at  which  it  cuts  them ;  while  the  strength  of  the  resulting 
current  will  be  proportional  to  this  electro-motive  force,  and 
inversely  proportional  to  the  resistance  in  the  circuit. 

Again,  instead  of  moving  the  coil,  the  lines  of  force  may  be 
suddenly  removed  from  it,  or,  better  still,  they  may  be  reversed ; 
and  this  latter  method  is  perhaps  the  best  of  all  for  measuring  the 
value  of  the  induction  in  a  sample  of  iron  with  various  magnet- 
ising forces.  The  iron  is  preferably  made  in  the  form  of  a 
continuous  ring,  and  overwound  evenly  with  a  coil  through  which 
a  current  may  be  sent  and  reversed ;  and  the  current  strength 
and  number  of  convolutions  per  centimetre  n  being  known,  the 
value  of  the  magnetising  force  may  be  calculated  from  the  formula 

H  =     -  -         ; ,  where  c  is  the  current  strength  in  amperes.     If 
10 

the  iron  is  homogeneous,  the  magnetic  induction  B  will  be  the 
same  in  every  portion  of  it,  and  a  small  coil  wound  over  the  iron 
at  any  point  will  embrace  all  the  lines  passing  through  the  iron. 
Then  by  reversing  the  current  the  iron  is  suddenly  demagnetised 
and  magnetised  in  the  reverse  direction,  and  all  the  lines  of  force 
so  made  to  vanish  and  start  in  the  opposite  direction  must  cut  the 
little  coil  and  generate  a  current  therein. 

In  fig.  1 35  we  show  a  simple  arrangement  of  apparatus  suit- 
able for  experimenting  by  this  method,  which  has  been  used  by 
a  number  of  investigators.     In  the  primary  circuit  is  placed  a 
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battery  b,  a  resistance  coil  R  for  varying  the  current  strength, 
and  a  galvanometer  or  ammeter  a  for  measuring  the  current,  all 
being  joined  in  series  with  the  magnetising  coil  which  is  wound 
uniformly  all  round  the  iron  ring.  The  switch  s  enables  the 
current  to  be  started,  stopped,  or  reversed  in  direction.  The 
secondary  circuit  consists  of  the  small  coil  c,  a  galvanometer  g, 
and  a  coil  wound   on  a  rather  large  wooden  frame  d.     g  is 

Fig.  135 


preferably  a  '  ballistic '  galvanometer,  having  a  somewhat  massive 
needle  suspended  by  a  silk  fibre,  it  being  essential  that  the  whole 
of  the  transient  induced  current  shall  flash  through  the  coils  before 
the  needle  has  moved  appreciably  from  the  zero  position.  Under 
such  conditions  the  deflection  of  the  needle  will  be  proportional 
to  the  total  quantity  of  electricity  flashed  through  the  coil,  inde- 
pendently of  a  small  variation  in  the  time  occupied  in  passing 
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on  different  occasions,  since  the  needle  receives  the  whole  of  the 
impulse  while  in  the  most  sensitive  position.  A  mirror  attached 
to  the  needle  enables  the  deflections  to  be  read  by  the  movements 
of  a  spot  of  light,  as  previously  explained.  The  coil  on  the  frame 
d,  which  is  permanently  connected  in  circuit,  enables  the  galvano- 
meter to  be  standardised.  When  laid  flat  on  a  table  it  embraces 
a  known  number  of  lines  of  force  due  to  the  earth's  magnetism 
(the  area  of  the  coil  and  the  vertical  component  of  the  earth's 
magnetism  being  known),  and  if  turned  suddenly  over  it  will 
cut  all  these  lines  twice,  and  the  deflection  caused  by  the  result- 
ing current  being  thus  due  to  an  inductive  effect  of  known  value, 
all  other  deflections  can  be  compared  with  it  The  small  coil  c 
should  preferably  be  wound  next  the  iron,  otherwise  it  may 
embrace  a  considerable  space  containing  air,  copper  wire,  &c, 
and  many  lines  of  force  will  pass  through  this  space  and  be 
embraced  by  and  cut  the  secondary  coil,  especially  when  the  iron 
has  its  permeability  greatly  reduced  by  being  strongly  magnetised. 

By  means  of  such  a  set  of  apparatus,  it  is  possible  to  study  the 
manner  in  which  the  magnetising  force,  magnetic  induction  and 
permeability,  vary  in  the  case  of  any  sample  of  iron  or  steel,  and 
the  results  can  be  conveniently  plotted  in  curves,  which  for  soft 
iron  would  be  approximately  similar  to  that  given  in  fig.  131. 
For  hard  iron,  cast  iron,  or  steel,  the  curve  would  rise  with  a 
gentler  slope. 

In  such  a  case  as  that  of  the  field- magnet  core  of  a  dynamo 
machine,  where  the  core  is  constantly  magnetised  in  one  direction 
only,  permeability  is  practically  the  only  quality  of  the  iron  which 
need  be  taken  into  account.  But  another  quality  of  even  greater 
importance  has  to  "be  considered  with  respect  to  an  iron  core  (such 
as  an  armature  core),  where  the  magnetisation  is  repeatedly  and 
rapidly  reversed,  for  this  reversal,  involving  as  it  does  the  chang- 
ing of  positions  of  the  particles  of  the  iron,  cannot  be  effected 
without  an  appreciable  expenditure  of  energy,  which  is  converted 
into  heat.  The  name  4  hysteresis '  has  been  given  to  that  property 
of  the  iron  in  virtue  of  which  a  definite  amount  of  energy  has  to 
be  expended  in  order  to  change  the  position  of  its  particles,  and 
the  energy  so  expended  varies  with  the  intensity  of  the  magnetisa- 
tion, the  mass  of  the  iron,  the  rigidity  with  which  the  particles 
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are  set  in  position,  and  the  rapidity  with  which  the  reversal  is 
effected. 

In  fig.  136  we  give  a  curve  which  will  serve  to  illustrate  this 
phenomenon,  and  which  is  based  upon  the  experiments  of  Professor 
Ewing.  It  was  obtained  by  experimenting  upon  a  specimen  of 
annealed  pianoforte  steel  wire,  and  plotting  the  various  values  for 
the  magnetising  force,  H,  and  the  resulting  magnetic  induction  B. 
The  first  part  of  the  curve,  starting  at  o  and  ending  at  a,  rises  simi- 
larly to  that  shown  in  fig.  131.     It  will  be  observed  that  when  H 

Fig.  136 
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was  no  less  than  about  ninety-five  units,  the  number  of  lines  urged 
"through  the  specimen  barely  exceeded  14,000  per  square  centi- 
metre. When  the  point  a  had  been  reached  the  magnetising 
force  was  reduced  step  by  step  and  the  induction  remaining  at 
every  step  observed.  The  curve  from  a  to  c  was  thus  obtained.  If 
no  energy  were  expended  in  the  process  of  turning  the  particles  into 
new  positions,  this  descending  curve  would  coincide  with  the 
ascending  one ;  but  it  will  be  observed  that  it  lies  considerably  to 
the  left  of  it,  and  as  indicated  by  the  ordinate  o  d,  no  fewer  than 
10,000  lines  per  square  centimetre  remained  in  the  steel  when 
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the  magnetising  force  H  was  reduced  to  zero.  The  length  of 
this  ordinate  o  d  gives  a  measure  of  the  retentivity  of  the  steel. 
In  order  to  demagnetise  the  specimen  it  was  necessary  to 
apply  a  negative  magnetising  force  (by  reversing  the  direction  of 
the  current),  and  complete  demagnetisation  was  effected  when 
H  =  —  23  approximately,  as  indicated  by  the  length  of  the  line  o  c. 
Dr.  Hopkinson  has  happily  applied  the  term  *  coercive  force '  to 
the  force  (as  measured  by  o  c)  which  it  is  necessary  to  apply  in 
order  to  demagnetise  any  specimen  after  it  has  been  magnetised 
to  any  given  degree,  and  this  coercive  force  can  be  definitely  indi- 
cated in  terms  of  H.  From  this  point  where  B  =  o  the  negative 
magnetising  force  was  increased  until  it  had  the  same  value  as 
was  previously  given  to  it  in  the  opposite  direction,  when  the 
value  of  B  was  the  same  as  on  that  occasion,  but  negative  instead 
of  positive.  From  this  point  e  the  magnetising  force  was 
diminished  step  by  step,  then  reversed  and  increased  positively 
as  before,  thus  giving  the  ascending  curve  efa.  It  will  be  evi- 
dent that  the  area  ecaf  enclosed  by  the  outer  curves  will  for 
any  given  case  become  greater  as  either  the  maximum  induction 
reached,  or  the  coercive  force  of  the  specimen,  is  increased ; 
and  it  has  been  shown  that  for  any  specimen  the  energy  in  ergs 
wasted  in  the  complete  cycle  of  operations  by  means  of  which  the 
curves  eca,afe  are  obtained,  is  proportional  to  the  area  of  the 
figure  enclosed  by  those  curves.  If  the  curve  be  plotted  to  an 
appropriate  scale,  the  area  enclosed  divided  by  4  *  gives  the 
number  of  ergs  per  cubic  centimetre  of  iron  wasted  during  one 
complete  cycle — that  is  to  say,  in  changing  the  magnetisation  of 
the  iron  from  its  positive  maximum  to  its  negative  maximum, 
and  then  carrying  it  back  again  to  its  positive  maximum.  As  an 
instance  of  the  effect  of  hardening,  it  may  be  mentioned  that  a 
similar  specimen  of  pianoforte  steel  wire,  when  made  very  hard, 
had  a  coercive  force  of  over  40  units,  which  value  would  greatly 
increase  the  area  enclosed  by  the  curves  and  correspondingly 
increase  the  hysteresis  loss. 

It  will  be  seen  that  the  coercive  force,  which  depends  chiefly 
upon  the  nature  of  the  material  employed,  is  the  principal  factor 
in  determining  the  amount  of  the  energy  lost  by  hysteresis,  and 
hence  the  importance  of  selecting  a  material  in  which  the  coercive 
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force  has  a  low  value,  for  use  in  those  cases  where  the  magnetisa- 
tion is  repeatedly  reversed.  As  might  be  expected,  the  coercive 
force  of  soft  iron  is  much  lower  than  that  of  steel  or  hard  iron, 


Fig.  137 
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and  this  will  be  evident  from  an  inspection  of  fig.  137,  which 
is  also  based  upon  Professor  Ewing's  experiments.  It  should  be 
noted   that  in  order  to  obtain  a  clearer  figure  the  magnetising 
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forces  are  plotted  to  a  much  greater  scale  than  those  in  fig.  136, 
so  that  the  two  areas  must  not  be  directly  compared.  The  value 
of  the  coercive  force  did  not  in  this  case  exceed  2  units. 

Both  of  these  hysteresis  curves  were  obtained  by  experiment- 
ing with  a  ballistic  galvanometer  after  the  method  illustrated  in 
fig.  135,  the  only  difference  being  that  the  specimens  were  in  the 
form  of  long  straight  wires  instead  of  rings,  with  the  coils  wound 
over  the  middle  portion  of  the  wire. 

It  is  interesting  to  note  that  the  soft-iron  specimen  possessed 
a  little  remanent  magnetism,  so  that  the  initial  curve  in  fig.  1 37 
does  not  start  exactly  at  zero,  but  a  short  distance  above  it 
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CHAPTER  VIII 

DYNAMO-ELECTRIC   MACHINES   (ALTERNATE   CURRENT) 

In  the  preceding  chapters  we  have  dealt  with  some  of  the  principal 
laws  of  electric  currents,  and  the  more  striking  phenomena  con- 
nected with  them.  The  student  will  not  have  failed  to  notice 
two  important  facts :  (i)  That  when  a  wire  through  which  a  cur- 
rent is  passing  is  placed  in  a  certain  position  in  any  electro- 
magnetic field  it  has  impressed  upon  it  a  definite  mechanical  force 
tending  to  move  it  into  another  part  or  out  of  the  field;  and 
(2)  when  a  conductor  is  mechanically  moved  in  a  field  transversely 
to  the  lines  of  force  traversing  that  field,  a  certain  electro-motive 
force  is  developed,  which  sets  up  a  current  in  the  wire  if  its 
two  ends  are  connected.  Extensive  use  is  made  of  both  these 
effects  in  practice,  and  on  a  very  large  scale.  Machines  which  are 
constructed  to  transform  energy  which  exists  in  the  form  of  electric 
currents  into  energy  in  the  form  of  mechanical  motion,  and,  con- 
versely, machines  which  are  able  to  transform  energy  in  the  form 
of  mechanical  motion  into  energy  in  the  form  of  electric  currents, 
can  be  included  under  the  generic  head  of  *  dynamo-electric 
machinery.' 

We  shall  first  consider  machines  of  the  latter  class,  which  are 
commonly  known  by  the  shorter  name  of  'dynamos/  deferring 
a  consideration  of  the  other  class  until  an  opportunity  offers  for 
dealing  with  such  apparatus  under  the  more  generally  adopted 
title  of '  motors.' 

In  every  machine  for  the  conversion  of  energy  there  is  always 
a  certain  amount  of  loss  attending  the  conversion;  in  other  words, 
less  energy  appears  in  the  new  than  existed  in  the  original  form. 
The  more  perfect  the  machine,  the  less  does  this  loss  become,  so 
that  a  theoretically  perfect  machine  would  be  one  in  which  there 
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is  actually  no  loss  at  all.  It  is  absolutely  impossible  to  construct 
such  a  machine,  but  in  every  case  the  chief  aim  of  the  engineer 
should  be  to  make  the  loss  as  small  as  possible,  or,  in  other  words, 
to  make  the  machine  as  '  efficient '  as  possible.  The  proper  way 
of  doing  this  is  to  start  with  the  fact  established  in  accordance  with 
the  doctrine  of  the  *  conservation  of  energy/  that  energy  can  never 
pass  out  of  existence  or  be  destroyed ;  that,  therefore,  the  whole  ot 
the  energy  put  into  the  machine  reappears  in  some  shape  or  form, 
although  only  a  part  appears  in  the  exact  state  in  which  it  is  desired. 
Steps  should  then  be  taken  to  ascertain  exactly  what  form  the  other 
or  undesired  part  takes,  and  the  designer  of  the  machine  should 
study  how  to  reduce  that  same  part,  which  may  be  called  '  waste,' 
to  a  minimum:  In  all  machines  which  have  moving  parts,  a  cer- 
tain percentage  of  the  energy  takes  the  form  of  heat,  due  to  fric- 
tion at  the  bearings  and  other  surfaces  which  come  into  contact. 
Every  dynamo  has  moving  parts,  and  is  therefore  subject  to  loss 
from  this  cause,  and  the  well-known  methods  of  reducing  friction 
by  good  workmanship  and  design,  the  judicious  application  of  oil 
or  other  lubricant,  and  in  special  cases  the  use  of  ball  bearings, 
are  taken  advantage  of  to  minimise  the  loss.  But  there  are 
many  other  causes  besides  mechanical  friction  which  operate 
to  reduce  the  efficiency  of  a  dynamo ;  they  are  mainly  due  to 
electro-magnetic  phenomena,  and  careful  study  is  required  in 
order  to  discover  how  to  eliminate  or  minimise  them,  although  in 
some  instances  the  loss  may  be  readily  localised,  because,  like 
friction,  these  phenomena  convert  a  certain  amount  of  the  original 
energy  of  mechanical  motion  into  heat.  One  of  the  principal 
features,  then,  by  which  a  dynamo  is  judged  is  its  efficiency,  or  by 
the  ratio  of  the  energy  reappearing  as  electric  currents  to  the  total 
amount  given  mechanically  to  the  machine. 

We  will  start  with  the  consideration  of  the  simplest  type  of 
dynamo-electric  machine,  and,  observing  its  weak  points,  endeavour 
to  trace  its  development  into  a  practical  and  highly  efficient  piece 
of  apparatus.  Now,  it  is  only  during  the  time  that  the  lines  of  force 
of  a  field  are  being  cut  by  a  conductor  l hat  an  electro-motive 
force  is  induced  in  that  conductor ;  therefore,  in  order  to  obtain 
a  continuous  current,  or  a  very  rapid  succession  of  currents,  it  is 
evident  that  either  the  conductor  or  the  field  must   be  kept 
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continually  in  motion.  Let  us  first  study  the  case  of  a  fixed  field 
and  a  moving  wire,  assuming,  for  the  moment,  that  we  have  a 
strong  and  fairly  uniform  field,  produced  by  the  opposite  poles  of 
two  large  permanent  bar-magnets  placed  near  to  each  other,  or  by 
any  other  convenient  means.  A  uniform  field  has  been  already 
defined  to  be  one  in  which  the  lines  of  force  are  straight,  parallel, 
and  equidistant.  It  is  not  easy  to  obtain  a  strong  uniform  field 
of  any  great  extent,  so  that  the  most  convenient  way  of  continually 
cutting  lines  of  force  is  to  cause  the  conductor  to  move  in  a  circu- 
lar path,  within  the  limits  of  a  powerful  field  of  comparatively 
small  area.  For  instance,  if  the  wire  is  bent  into  a  single  rect- 
angular coil,  as  shown  in  fig.  138,  it  may  be  placed  in  the  field 
with  its  plane  at  right  angles  to  the  direction  of  the  lines  of  force 


Fig.  138 
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so  that  as  many  as  possible  of  these  lines  are  made  to  pass  through 
it.  If,  now,  this  coil  is  turned  suddenly  through  an  angle  of  900 
about  the  axis  a  b,  its  plane  will  then  lie  parallel  to  the  lines  of 
force,  as  shown  in  fig.  139,  and  it  is  obvious  that  none  of  the  lines 
of  force  now  pass  through  the  coil.  In  the  act  of  turning,  both 
the  top  and  the  bottom  limbs,  c  d  and  ef  cut  a  cextain  number  of 
lines,  setting  up  thereby  an  electro-motive  force  in  the  wire  ;  but, 
as  these  two  limbs  of  the  rectangle  cut  the  lines  from  opposite 
sides,  the  direction  of  the  resulting  currents  in  them  is  opposite. 
In  the  limb  */the  direction  is,  during  the  quarter  of  a  revolution, 
from  front  to  back,  and  in  the  limb  c  d  from  back  to  front.  Both 
currents,  therefore,  pass  round  the  coil  in  the  same  direction.  The 
side  limbs  of  the  rectangle — that  is,  c  e  and  d  f—  simply  slide,  or 
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slip,  through  the  lines  of  force,  and  do  not  cut  them ;  they  there- 
fore have  no  current  induced  in  them,  and,  while  adding  to  the 
resistance  of  the  loop,  are  useless,  except  for  the  purpose  of 
completing  the  electrical  circuit.  The  student  may  now,  with 
advantage,  again  read  the  paragraphs  on  page  280,  which  indicate 
how  the  direction  of  an  induced  current  can  be  predicted,  or 
he  may  apply  an  ingenious  rule  known  as  Fleming's  right- 
hand  rule.  By  this  rule,  the  thumb,  forefinger,  and  middle 
finger  of  the  right  hand  are  held  mutually  at  right  angles ; 
then  if  the  forefinger  points  in  the  direction  of  the  lines  of 
force,  and  the  thumb  in  the  direction  of  motion,  the  middle 
finger  will  point  in  the  direction  of  the  induced  e.m.f.  In  the 
present  case  the  lines  of  force  pass  from  left  to  right,  and  the 

Fig.  139 


N 


number  cut  by  each  active  limb,  so  far,  is  half  the  total  number 
originally  passing  through  the  rectangle. 

When  the  rectangle  is  turned  through  another  900,  so  that  the 
limb  which  was  at  first  uppermost  is  now  at  the  bottom,  as  shown 
„  \^  in  fig.  140,  it  has  the  maximum  number  of  lines  of  force  suddenly 

*  thrust  through  it  again  ;  another  induced  current  is  the  result  of 

this  second  quarter  of  a  revolution,  and  as,  during  the  movement, 
both  the  horizontal  limbs  cut  the  lines  from  the  same  side  as  they 
did  in  the  first  movement — that  is  to  say,  the  one  limb  still  cuts 
downwards  and  the  other  still  cuts  upwards — the  direction  of  the 
current  is  the  same  as  that  developed  during  the  first  quarter  of  a 
revolution.  Further,  as  the  number  of  lines  of  force  cut  is  in  each 
case  the  same,  the  induced  e.m.f.  is  also  the  same  for  each  similar 
position,  provided  the  rates  of  moving  are  equal. 
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If,  therefore,  the  rectangle  is  rapidly  turned  at  one  sweep  from 
its  original  position  in  fig.  138  through  1800,  a  current  will  be 
induced,  in  the  direction  shown  by  the  arrows,  during  the  whole 
of  that  movement  If  the  rotation  is  continued,  on  passing  the 
1800  the  horizontal  limbs  again  begin  to  cut  the  lines  of  force,  but 
they  then  cut  them  from  their  opposite  sides,  or  in  the  opposite 
direction  to  that  during  the  first  half-revolution.  The  resulting 
current  is  therefore  in  the  opposite  direction  along  the  active 
limbs,  as  compared  with  the  previous  current,  but  of  precisely  the 
same  strength  at  corresponding  positions  if  the  motion  is  uniform. 
The  arrows  in  fig.  140  show  the  direction  of  the  current  during 
the  second  half  of  the  revolution.     A  continuous  rapid  rotation  of 

Fig.  140 
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the  rectangle,  then,  will  give  rise  to  a  series  of  currents  alternating 
in  direction,  two  distinct  currents  being  generated  during  each 
complete  revolution,  the  reversal  taking  place  every  time  the  rect- 
angle passes  the  points  at  which  its  plane  is  at  right  angles  to 
the  lines  of  force— that  is  to  say,  those  positions  in  which  it 
embraces  the  maximum  number  of  lines  of  force.  It  must  be 
clearly  understood  that  at  the  moment  of  reversal  in  the  direction 
of  the  current — that  is  to  say,  when  the  plane  of  the  rectangle  is  at 
right  angles  to  the  direction  of  the  lines  of  force — the  e.m.f.  falls 
to  zero,  and  consequently  for  an  instant  there  is  no  current  circu- 
lating round  the  rectangle;  the  arrowheads  in  figs.  138  and  140 
represent  the  direction  of  the  current  along  the  active  limbs  a 
moment  after  the  rectangle  has  passed  the  positions  shown  in  the 
figures. 
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Supposing  both  the  field  and  the  speed  of  rotation  to  be 
uniform,  the  question  arises  whether  the  e.m.f.  is  also  uniform 
during,  say,  the  whole  time  of  a  half-revolution.  As  the  induced 
e.m.f.  at  any  and  every  instant  is  proportional  to  the  rate  at  which 
the  lines  of  force  are  cut,  it  is  only  necessary,  in  order  to  decide 
this  question,  to  ascertain  whether  the  rate  of  cutting  is,  under 
the  circumstances,  also  uniform.  A  little  reflection  will  show  that 
just  when  the  rectangle  begins  to  move  from  its  position  in  fig.  138 
it  is  cutting  hardly  any  lines  at  all,  but  that  its  horizontal  limbs, 
like  the  vertical  limbs,  are  rather  sliding  along  or  slipping  through 
them,  and  therefore  at  the  beginning  of  the  movement  the  rate  of 
cutting,  and  consequently  the  e.m.f.,  is  comparatively  low.  But 
when  the  rectangle  has  turned  through  about  900,  it  is  cutting  the 
lines  almost  at  right  angles  ;  there  is  practically  no  sliding  whatever, 

and  the  rate  of  cutting,  and  there- 
fore also  the  e.m.f.  produced,  is 
much  greater — it  is,  in  fact,  at  its 
maximum.  This  gradually  de- 
creases as  the  rotation  is  con- 
tinued until,  when  near  the  1800, 
the  e.m.f.  is  again  at  a  minimum 
and  the  reversal  takes  place. 

A  reference  to  fig.  141  will 
make  this  clearer,  a  b  represents 
the  coil  viewed  end  on  in  the 
vertical  position  ;  x  the  axis  ot 
rotation,  and  a,  b,  the  position  of 
the  coil  after  it  has  been  turned 
through  an  angle  of  300.  Clearly 
the  number  of  lines  cut  by  the  top  limb  of  the  coil  are  those 
enclosed  in  the  space  a  c,  and  by  the  bottom  limb  those  in  the 
equal  space  b  d.  Therefore  the  total  number  cut  during  this 
movement  of  the  coil  through  an  angle  of  300  from  zero  may  be 
represented  by  the  sum  of  these  two  lines  a  c  +  b  d. 

Now,  in  fig.  142  e  f  represents  the  position  of  the  coil  after  it 
has  been  turned  through  6o°;  if  from  this  point  it  rotates  through 
another  300  its  position  is  then  represented  by  e,  f,,  and  the  lines 
of  force  cut  during  this  last  movement  embrace  all  those  included 
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Fig.  14a 


in  the  space  e  k.  Now  e  k  is  considerably  greater  than  ac  +  bd 
(fig.  141),  and  therefore,  as  the  field  is  uniform,  the  coil  cuts  a  much 
greater  number  of  lines  of  force  by  moving  through  300  when  its 
plane  is  nearly  parallel  to  the  direction  of  the  lines,  than  it  does 
by  moving  through  an  equal  angle  while  it  is  nearly  perpendicular 
to  them.  But  as  the  speed  of  rotation  is  uniform,  it  takes  pre- 
cisely the  same  time  to  pass  through  these  equal  angles,  therefore 
the  rate  of  cutting,  and  consequently  the  e.m.f.,  must  be  much 
greater  in  the  former  than  in  the  latter  case.  In  fact,  the  rate  at 
any  moment  is  proportional  to  the  sine  of  the  angle  through  which 
the  coil  has  then  moved  from  the  vertical  position. 

We  may  look  at  the  matter  in  a  different  way  :  If  we  have  a 
wire  conveying  a  current,  we  know  that  the  lines  of  force  will  be, 
in  general,  concentric  circles 
about  the  axis  of  the  wire,  and 
the  direction  of  these  lines  of 
force  and  the  direction  of  the 
current  will  bear  the  same 
relation  to  one  another  as  the 
direction  of  rotation  of  a  right- 
handed  screw  bears  to  its  back-  ff  | 
ward  or  forward  axial  motion 
(see  p.  87).  Further,  it  has 
been  stated  that  the  induced 
current  flowing  in  a  conductor 
is  always  in  such  a  direction 
as  to  oppose  the  action  which 

produces  it.  Now  referring  to  fig.  138,  the  lines  of  force  are 
from  left  to  right  through  the  plane  of  the  coil,  and  the  coil  moves 
in  such  a  way  that  the  number  of  lines  embraced  by  it  diminishes ; 
therefore  a  current  must  flow  round  the  coil  in  a  direction  such 
that  it  tends  to  keep  the  number  of  lines  of  force  embraced  by 
the  coil  constant,  as  shown  in  fig.  138. 

We  have  defined  a  magnetic  field  of  unit  strength  to  be  one 
having  one  c.G.s.  line  of  force  per  square  centimetre,  and  if  a  con- 
ductor one  centimetre  in  length  is  moved  transversely  through  this 
field  at  a  velocity  of  one  centimetre  per  second,  it  will  cut  one 
line  of  force  per  second,  and  thereby  develop  one  cg.s.  unit  of 
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electro-motive  force.  If  the  strength  of  field,  or  the  velocity, 
or  the  length  of  wire  be  doubled,  the  resulting  e.m.f.  will  be 
doubled,  the  number  of  lines  cut  per  second  being  increased 
twofold.  In  fact,  if  any  one  of  these  three  quantities  be  raised, 
the  resulting  e.m.f.  will  be  correspondingly  increased. 

If,  however,  we  simply  know  the  number  of  lines  of  force  cut 
per  second,  the  e.m.f.  can  be  calculated  without  any  considera- 
tion as  to  the  length  of  conductor  or  as  to  strength  of  field. 
If  the  field  is  not  uniform,  or  if  the  wire  moves  at  a  varying 
speed,  the  rate  of  cutting,  and  therefore  the  e.m.f.,  will  fluctuate. 
But  the  average  of  this  fluctuating  e.m.f.  will  be  equal  to  the 
average  rate  of  cutting :  that  is  to  say,  it  can  be  found  by  dividing 
the  whole  number  of  lines  cut  by  a  conductor  by  the  time  in 
seconds  occupied  in  the  cutting.  If,  therefore,  the  rectangle  in 
fig.  138  makes  one  revolution  per  second,  and  the  maximum 
number  of  lines  of  force  embraced  by  it  in  the  zero  position  is 
denoted  by  n,  then  each  limb  will  cut  2  n  lines  per  second, 
because  it  cuts  every  line  during  the  downward  sweep,  and  again 
during  the  upward  movement.  Consequently  each  limb  develops 
an  average  e.m.f.  of  2  n  c.g.s.  units,  and  as  both  limbs  are  con- 
nected in  series  the  total  e.m.f.  becomes  4  n  units.  Further,  if 
the  rectangle  makes  n  revolutions  per  second  instead  of  only  one, 
then  n  times  as  many  lines  will  be  cut  per  second,  and  the  average 
e.m.f.  will  be  4  n  n  units.  But  since  the  c.g.s.  unit  of  electro- 
motive force  is  so  very  small,  a  much  greater  practical  unit,  called 
the  volt,  equal  to  100,000,000  c.g.s.  units,  is  employed  for  practical 
work,  as  was  pointed  out  on  page  54.  That  is  to  say,  an  e.m.f. 
of  1  volt  is  induced  in  a  conductor  which  cuts  100,000,000  cg.s. 
lines  in  one  second.  All  results  obtained  in  cg.s.  measure  must, 
therefore,  be  divided  by  this  number  to  give  the  value  in  volts, 
and  the  simple  equation  may  be  written, 

average  e.m.f.  =  -    *--    --      volts. 

100,000,000 

It  may  be  mentioned  that  the  value  of  n  is,  in  actual  machines, 
very  high,  being,  as  a  rule,  several  millions. 

In  practice,  it  is  this  average  e.m.f.  which  in  such  a  case  con- 
cerns us  most;  but  we  may  observe  that  if  the  rectangle  were 
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rotated  at  a  constant  speed  in  a  uniform  field,  the  actual  e.m.f. 
being  developed  at  any  moment  when  it  had  moved  through  an 
angle  a  from  the  zero  position  would  be 

2  x  n  n  sin  a      l4. 
e  =  volts. 

100,000,000 

This  equation  refers  to  the  case  of  two  active  wires,  forming 
limbs  of  a  rectangle  and  joined  up  in  series  in  a  manner  such  as 
that  illustrated  in  fig.  138  when  the  e.m.f.  of  one  is  added  to  that 
of  the  other.  The  resulting  e.m.f.  is,  as  we  have  already  seen, 
twice  that  developed  by  one  active  limb ;  but  if  the  wire  were 
wound  in  a  number  of  convolutions,  it  would  be  necessary  to 
multiply  by  the  number  of  active  limbs  then  joined  in  series 
(instead  of  by  2,  as  in  the  present  case)  to  obtain  the  total  e.m.f. 
The  function  above  referred  to  as  the  '  sine  '  is  one  with  which 
the  student  will  frequently  come  in  contact  Perhaps,  therefore, 
it  will  now  be  as  well  to  explain  briefly  what  is  meant  by  the  sine 
of  an  angle.  If  in  one  of  the  two  straight  lines  which  contain  any 
angle,  such  as  e  x  r  in  fig.  142,  any  point,  say  e,  is  taken,  and 
from  it  a  line  e  r  is  drawn  perpendicular  to  the  other  line,  a 
right-angled  triangle,  e  x  r,  is  formed.  The  length  of  the  per- 
pendicular E  R  divided  by  the  length  of  the  hypotenuse  e  x,  that 

is  5_?  is  a  definite  numerical  value,  no  matter  what  the  area  ot 
e  x 

the  right-angled  triangle  may  be,  provided  only  that  the  angle 

E  R 

e  x  r  is  unaltered.     And  this  ratio         is  called  the  sine  of  the 

e  x 

angle  e  x  r.  The  sine  of  any  other  angle  is  similarly  measured ; 
for  instance,  in  fig.  141    ± —  is  the  sine  of  the  angle  AjXP.  Again 

Aj  X 

A       f* 

in  the  same  figure,     '  -  is  the  sine  of  the  angle  a,  x  c,  and  in 

Aj  X 

fig.  142  —    is  the  sine  of  the  angle  exg.     If  we  always  choose 

the  same  length  of  line  for  the  denominator,  as  will  be  the  case  if 
it  forms  the  radius  of  the  same  or  equal  circles,  as  e  x  and  a,  x, 
and  consider  it  to  be  equal  to  unity,  then  the  sine  is  simply 
measured  by  the  numerator  e  r  or  Ax  p— that  is,  by  the  length 
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of  the  perpendicular.  When  the  angle  becomes  very  small,  the 
perpendicular,  and  therefore  the  value  of  the  sine  also,  becomes 
very  small ;  in  the  case  of  the  imaginary  angle  o°  the  perpendicular 
disappears,  and  the  sine  of  o°  is  therefore  o.  When  the  angle  is  900 
the  perpendicular  coincides  with  and  is  equal  to  the  radius.  The 
sine  of  900  is  therefore  1,  and  this  is  the  highest  possible  value  of 
the  sine.  It  decreases  as  the  angle  further  increases,  until  at  1800 
its  value  is  again  o.  From  here  it  is  reckoned  as  negative,  the 
sine  of  2700  being— 1.  By  referring  to  a  table  such  as  that  on 
page  104  the  value  of  the  sine  of  any  angle  can  be  readily  found, 
and  we  can,  therefore,  calculate  the  relative  value  of  the  e.m.f.  at 
any  position  of  the  rectangle,  and  also  show  diagrammatically  how 
the  E.M.F.  should  rise  and  fall  in  a  perfectly  uniform  field. 

In  fig.  143  the  portion  a  f  of  the  horizontal  line  a  b  repre- 
sents a  circle  straightened  out,  each  of  the  four  equal  parts  into 
which  it  (a  f)  is  divided  being  equivalent  to  900 — that  is,  a  quarter 
of  a  revolution  of  the  rectangular  coil.  Similarly,  this  line  a  f 
might  be  subdivided  into  360  parts  to  represent  the  360  degrees, 
and  any  point  along  it  could  then  be  taken  to  denote  the  position 
of  the  rectangle  when  turned  through  a  corresponding  angle  from 
zero.  Now,  we  have  observed  that  the  e.m.f.  at  any  point  is  pro- 
portional to  the  sine  of  the  angle  through  which  the  coil  has  then 
turned  from  zero  ;  and  it  is  convenient  to  take  a  number  of 
points  along  this  line,  and  at  each  of  them  erect  a  perpendicular 
proportional  in  length  to  the  sine  of  the  angle  which  that  particular 
point  represents.  During  that  half  of  the  revolution  in  which 
the  sines  are  reckoned  as  minus — that  is  to  say,  from  1800  to 
3600 — the  perpendiculars  should  be  drawn  below  the  line^  in- 
dicating' the  reverse  direction  of  the  e.m.f.  and  current  For 
instance,  at  900  the  sine  will  have  the  greatest  value,  viz.  unity, 
while  at  45°  the  perpendicular  will  be  only  0707  of  that  at 
900,  because  the  sine  of  45°  is  0707  ;  at  2700  the  sine  is  —  1, 
and  therefore  the  perpendicular  equal  in  length  to  unity  is  drawn 
below  the  line. 

By  joining  the  extremities  of  these  perpendiculars  we  obtain 
a  curve  a  c  d  e  f  known  as  a  sine  curve,  which  at  a  glance 
indicates  the  manner  in  which  the  e.m.f.  rises  and  falls  during  one 
complete  revolution  of  a  simple  coil ;  and  the  whole  of  the  curve 
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from  a  to  b  shows  the  fluctuation  of  the  e.m.f.  during  two  revolu- 
tions. 

If  in  fig.  142  e  x  is  taken  as  unity,  it  may  represent  the  height 
of  c  or  e,  the  highest  points  on  the  sine  curve,  and  then  e  g  will 
be  the  length  of  the  perpendicular  representing  the  electro-motive 
force  at  6o°,  for  e  g  is  the  sine  of  the  angle  exg,  which  is  the 
angle  (6o°)  through  which  the  coil  has  turned  from  the  vertical 
position.  Similarly,  a,  c  (fig.  141)  will  represent  the  e.m.f.  de- 
veloped when  the  coil  has  turned  through  300,  for  a,  c  is  the  sine 
of  that  angle. 

The  curve  (fig.  143)  shows  that  the  e.m.f.  at  900  is  equal  to 
that  at  2700,  but  that  it  is  opposite  in  direction — that  is  to  say,  it 
is  positive  in  the  one  case  and  negative  in  the  other. 

Fig.  143 


Referring  again  to  figs.  141  and  142,  we  observe  that  the 
1  effective  area '  of  the  coil,  with  respect  to  the  lines  of  force  which 
it  embraces  in  the  position  a,  b,,  is  proportional  to  a,  l  and  in 
the  position  e  f  it  is  proportional  to  e  k — that  is,  a,  l  and  e  k  are 
respectively  proportional  to  the  number  of  lines  of  force  passing 

through  the  coil  in  the  two  positions.     Now,  -1      is  the  cosine  of 

a.b, 

the  angle  through  which  the  coil  has  already  rotated  (for  the  angles 

a,  x  a  and  pa,  x  are  equal),  or  again  it  is  the  sine  of  the  angle 

which  the  coil  makes  with  the  direction  of  the  lines  of  force ;  as  is 

E  K 


also 


E  F 


Taking,  for  simplicity,  the  equal  lengths  a(  Bj  and  e  f 


as  unity,  we  see  that  the  number  of  lines  of  force  passing  through 
the  coil  in  any  position  in  a  uniform  field  is  proportional  to  the 
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cosine  of  the  angle  through  which  it  has  been  turned  from  its 
position  at  right  angles  to  those  lines,  and  also  to  the  sine  of  the 
angle  which  it  makes  with  the  lines  of  force. 

Currents  which  rise  and  fall  in  strength  and  change  in  direction 
in  the  manner  indicated  by  the  curve  in  fig.  143  are  known  as 
alternating  currents,  and  a  complete  cycle  as  represented  by  the 
curve  acdef  is  referred  to  as  an  alternation.  For  example, 
when  the  rate  of  alternation  of  a  current  is  said  to  be  100  per 
second,  it  must  be  understood  that  the  current  rises  from  zero  to 
a  positive  maximun,  falls  to  zero  again,  and  reaches  a  negative 
maximum,  and  again  returns  to  zero,  100  times  per  second.  As, 
however,  the  term  *  rate  of  alternation '  is  somewhat  cubersome, 
the  words  *  periodicity '  and  '  frequency '  have  been  generally 
substituted  for  it 

Fig.  144 


If,  however,  a  rectangle  or  coil  closed  upon  itself  similarly  to 
that  shown  in  fig.  138  were  employed,  no  useful  work  could  be 
done,  as  the  currents  generated  would  simply  circulate  round  the 
rectangle  and  be  wasted  in  heating  it  In  practice  we  require  to 
add  to  the  rectangle  some  device  which  will  enable  us  to  lead  the 
currents  away  to  an  external  circuit  and  there  make  use  of  them. 
The  rectangle  might,  for  this  purpose,  be  mounted  on  a  wooden 
spindle  (fig.  144)  and  its  ends  connected  to  two  flat  metal  rings, 
h  l,  fixed  a  little  distance  apart  on  the  spindle,  contact  being  then 
made  by  means  of  a  flat  spring  or  a  wire  brush,  pressing  against 
each  of  the  rings.  On  rotating  the  spindle  or  shaft,  the  rectangle 
and  rings  would  turn  with  it,  and  with  a  moderate  amount  of  pres- 
sure the  brushes  would  make  good  electrical  contact  with  the 
rings,  the  surfaces  being  kept  clean  by  the  rubbing.     The  contact 
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brushes  being  fixed  in  position,  it  is  easy  to  attach  wires  to  them, 
and  thus  conduct  the  currents  away  to  any  desired  point. 

It  remains  now  to  show  to  what  extent  in  practice  we  can 
comply  with  the  conditions  which  theory  teaches  us  should  be 
followed  if  we  wish  to  obtain  a  high  electro-motive  force.  In  the 
first  place,  we  must  make  the  value  of  n  high — that  is  to  say,  the 
number  of  lines  of  force  embraced  and  cut  by  the  coil  should 
be  as  great  as  the  circumstances  will  permit.  For  a  very  small 
machine,  permanent  magnets  may  be  used  to  supply  the  field, 
and  for  this  purpose  a  horseshoe  magnet  is  found  to  be  very 
convenient,  but  it  should  be  bored  out,  or  fitted  with  soft-iron 
cheeks  of  such  a  shape  that  there  is  just  sufficient  room  for  the 
wire  coil  to  rotate  between  them.  The  steel  should  be  strongly 
magnetised,  and,  if  of  considerable  size,  it  should  be  laminated, 
or  built  up  of  a  number  of  thin  magnets  with  their  like  poles 
adjacent  (see  p.  275).  A  circular  magnet  (fig.  145),  divided  at  one 
part  of  the  circle,  and  with  just  sufficient  space  bored  out  for  the 
coil  to  rotate,  is  somewhat  better  than  one  of  the  ordinary  horse- 
shoe pattern,  although  not  so  easy  to  make.  .  Having  obtained 
the  magnetic  field,  the  next  thing  is  to  get  as  many  as  possible  of 
the  lines  of  force  to  pass  through  the  coils  of  wire.  Iron  here 
comes  to  our  assistance  once  more,  for  by  winding  the  rectangle 
round  a  core  of  pure  soft  iron,  we  concentrate  those  lines  which 
would  otherwise  stray,  and  the  number  passing  through  and 
embraced  by  the  rectangle  is  greatly  increased.  It  is  almost  super- 
fluous to  add  that  the  actual  area  of  the  rectangle  should  be  as 
great  as  practicable,  provided  that  it  is  kept  within  the  limits  of  the 
field,  and  since,  as  we  have  seen,  the  induced  e.m.f.  is  proportional 
to  the  number  of  active  conductors  joined  in  series,  the  wire  may 
with  advantage  be  wound  into  a  coil  consisting  of  a  number  of 
turns  instead  of  only  one.  Any  coil  of  wire  in  which  currents  are 
induced  by  its  movement  within  a  magnetic  field  is  generally  called 
an  '  armature,'  and  the  iron  round  which  the  wire  is  coiled  is  known 
as  the  *  armature  core/  The  core  of  one  of  the  earliest  forms  of 
armature  is  shown  in  section  at  a,  between  the  poles  of  the  circu- 
lar magnet  f,  in  fig.  145,  and  although,  when  criticised  in  the  light 
of  our  present  knowledge,  the  design  proves  to  be  very  faulty,  it 
will  serve  sufficiently  well  to  illustrate  the  principle.    The  armature 

x 
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in  this  case  consists  of  a  considerable  length  of  silk-  or  cotton- 
covered  copper  wire  wound  in  the  grooves  of  the  shuttle-shaped 
piece  of  soft  iron,  a,  which  is  usually  about  twice  as  long  as  its 
greatest  width.  It  is  provided  at  one  end  with  a  driving-pulley, 
and  at  the  other  end  with  a  device,  similar  to  that  shown  in 
fig.  144,  for  communicating  the  current  to  the  external  circuit. 
It  will  be  seen  that  whenever  the  armature  arrives  at  the  position 
shown  in  the  figure  the  magnetic  circuit  is  a  fairly  good  one,  the 
air-gaps  between  the  pole-faces  of  the  permanent  magnet  and  the 
surface  of  the  core  not  being  very  great,  and  the  coil  wound  in  the 
grooves  of  the  shuttle  will  embrace  a  considerable  proportion  of 
the  lines  of  force  produced  by  the  magnet.  Good  effects  can 
Fig.  145  therefore  be  obtained  by  rotating 

such  an  armature  if  the  magnet 
employed  is  a  powerful  one.  The 
speed  of  rotation  must  be  high,  but 
this  can  readily  be  obtained  by  any 
mechanical  multiplying  device,  such 
as  a  pulley  of  large  diameter  driving 
a  smaller  one  on  the  armature 
spindle. 

It  was  pointed  out  when  dealing 
with  primary  batteries  (see  p.  81), 
that  an  important  distinction  was 
drawn  between  the  e.m.f.  developed 
by  the  battery,  and  the  potential  difference  available  at  its 
terminals,  when  a  current  was  flowing.  In  precisely  the  same 
way,  a  distinction  must  be  made  between  the  e.m.f.  generated 
by  a  dynamo  electric  machine,  and  the  pressure  or  potential 
difference  available  at  its  terminals.  When  the  armature  is 
rotated  an  e.m.f.  is  developed,  and  when  the  resistance  of 
the  circuit  is  infinitely  high — when,  that  is  to  say,  the  terminals 
are  left  disconnected  so  that  no  current  can  flow — the  potential 
difference  at  the  terminals  is  equal  to  the  e.m.f.  developed. 
This  e.m.f.  can  then  be  measured  by  one  of  the  electrostatic 
voltmeters  described  in  Chapter  VI.,  or  if  an  electro-magnetic 
voltmeter  of  very  high  resistance  be  joined  across  the  terminals 
the  current  which  will  pass  through  the  instrument  will  be  so 
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small  that  the  fall  of  potential  in  the  armature  will  be  but 
fractional,  and  the  indication  on  the  voltmeter  will  therefore  be 
approximately  equal  to  the  e.m.f.  set  up.  When,  however,  an 
external  circuit  of  relatively  low  resistance  is  connected  to  the 
terminals,  a  current  of  appreciable  strength  will  flow  through  ft, 
and,  of  course,  through  the  armature.  In  such  circumstances 
there  will  be  a  fall  of  potential  in  the  external  circuit,  which  in 
the  absence  of  any  self-induction  effects  will  be  equal  to  the 
resistance  of  that  circuit  multiplied  by  the  current  flowing,  or  if 
c  represents  the  current,  and  r  the  external  resistance,  the  fall  of 
potential  v  will  be  v  =  c  r.  If  at  the  game  time  one  of  the  volt- 
meters above  referred  to  be  joined  to  the  terminals  of  the 
machine  its  indication  will  correspond  to  this  fall  or  difference 
of  potential  v,  and  the  difference  between  v  and  the  e.m.f. 
previously  indicated  is  a  measure  of  the  fall  of  potential  in  the 
armature  itself  (the  *  reaction '  of  the  armature  field  on  the  main 
field  being  neglected).  It  will  also  be  remembered  that  although 
we  increased  the  e.m.f.  of  a  battery  by  increasing  the  number  of 
cells  joined  up  in  series,  there  was  not  a  corresponding  increase  in 
the  available  potential  difference,  unless  the  external  resistance 
happened  to  be  relatively  very  high.  Similarly  with  the  dynamo 
armature,  although  we  increase  the  e.m.f.  developed  by  increasing 
the  number  of  turns  of  wire,  we  do  not  get  a  corresponding 
increase  in  the  potential  difference  at  the  terminals.  As  a  matter 
of  fact,  it  is  found  that,  with  an  armature  of  the  type  under 
consideration,  the  increase  is  not  by  any  means  proportional, 
especially  when  the  speed  of  rotation  becomes  very  high.  One 
important  reason,  apart  altogether  from  the  internal  fall  of 
potential  due  to  the  resistance  of  the  armature,  consequent  upon 
the  increased  number  of  turns,  is  that  the  conditions  are  very 
favourable  for  the  self-induction  of  the  armature  to  make  itself 
evident  We  have  already  seen  that  this  effect  becomes  very 
marked  with  rapidly  varying  or  alternating  currents,  and  since, 
also,  it  increases  with  the  square  of  the  number  of  turns  of  wire, 
it  is  obvious  that  the  number  cannot  be  indefinitely  increased 
with  any  prospect  of  satisfactory  results.  The  increase  of 
resistance,  though  not  in  itself  such  an  important  matter,  also 

limits   the  length  of  the   wire.     It   is,  therefore,   preferable  to 

x  2 
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endeavour  to  increase  the  strength  and  area  of  the  field,  and  the 
length  of  the  active  limbs  of  the  coil,  rather  than  the  number  of 
turns. 

That  the  design  of  the  shuttle  armature  is  faulty  may  easily  be 
proved,  for,  after  being  rotated  for  a  little  time,  the  iron  shuttle  or 
core  gets  quite  warm,  even  though  the  armature  coil  may  be  dis- 
connected or  removed  entirely.  Now,  this  heat,  so  developed, 
represents  a  definite  fraction  of  the  energy  expended  in  rotating 
the  armature,  which,  as  it  does  not  reappear  as  electricity  available 
for  use,  is  to  all  intents  and  purposes  wasted.  It  is  an  interesting 
fact  that  whenever  a  mass  of  metal  is  rapidly  rotated  in  a  magnetic 
field  its  temperature  rises,  the  heat  being  the  direct  result  of 
currents  of  electricity  which  are  induced  in  the  metal,  and  which 
are  known  as  '  eddy '  or  Foucault  currents.  Their  initial  direction 
is  at  right  angles  to  the  lines  of  force  of  the  magnetic  field,  and 
also  at  right  angles  to  the  direction  in  which  the  mass  moves  ; 
therefore,  in  the  shuttle  armature,  they  travel  lengthways  along 
the  iron  core,  completing  their  circuit  in  a  more  or  less  circular 
path  in  the  iron,  whence  they  obtain  the  name  of  *  eddy '  currents. 
Moreover  they  follow  the  general  law  in  reacting  upon  the  field  in 
which  they  are  produced,  in  such  a  manner  as  to  tend  to  stop  the 
motion  of  the  moving  body,  that  is  to  say,  the  armature  itself ;  and 
in  order  to  overcome  this  reaction  it  is  necessary  to  expend  a  con- 
siderable amount  of  additional  power  in  turning  the  armature. 
As  a  rule,  the  e.m.f.  of  these  currents  is  not  high,  but  as  the  mass 
of  the  metal  is  great,  and  its  resistance  therefore  small,  the  currents 
are  sufficiently  strong  to  considerably  raise  the  temperature  of  the 
metal.  In  fact,  it  is  possible  to  melt  a  piece  of  a  metal  which 
fuses  at  a  low  temperature,  by  simply  spinning  it  rapidly  in  a  very 
strong  field. 

It  is  evident  that  such  a  certain  sign  as  this,  that  energy  is 
being  wasted,  must  not  be  ignored,  and,  since  we  cannot  stop  the 
tendency  for  the  currents  to  be  produced,  the  only  alternative  is 
to  put  difficulties  in  the  way  of  their  production. 

In  the  case  in  question,  the  best  method  is  to  '  laminate '  the 
armature,  or  to  build  it  up  with  a  number  of  thin  discs  cut  or 
stamped  out  to  the  required  shape  and  bolted  together,  instead  of 
using  a  solid  piece  of  iron.     One  such  stamping  is  illustrated  in 
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Fig.  146 


fig.  146.  The  iron  of  the  armature  core  must  be  continuous  in  the 
direction  in  which  the  lines  of  force  developed  by  the  field-magnets 
have  to  pass  through  it,  otherwise  the  efficacy  of  its  action  in  con- 
centrating these  lines  would  be  seriously  impaired  ;  while  it  must 
be  discontinuous  in  the  direction  in  which  the  eddy  currents 
tend  to  flow,  viz.  at  right  angles  to 
the  lines  of  force.  To  meet  these 
requirements  the  discs  threaded  on 
the  spindle  must  be  well  insulated 
one  from  another,  although  on  ac- 
count of  the  low  e.m.f.,  a  sheet  of 
thin  paper,  a  layer  of  varnish,  or 
even  the  oxide  on  the  surface  of  the 
laminations  themselves,  is,  as  a  rule, 
sufficient.  It  is  perhaps  hardly 
necessary  to  adopt  this  precaution 
in  the  kind  of  machine  we  have  been  considering,  which  is  very 
small,  and  only  made  to  be  driven  by  hand-power,  but  it  becomes 
absolutely  necessary,  as  well  as  economical,  in  the  larger  machines 
driven  by  steam-power. 

At  first  sight  it  would  appear,  remembering  that  the  k.m.f. 
developed  in  the  armature  coil  varies  as  the  rate  at  which  the 
lines  of  force  are  cut,  that  the  potential  difference  at  the  terminals 
of  a  magneto  electric  machine  delivering  current  to  an  external 
circuit  of  constant  resistance,  should  be  simply  proportional  to  the 
speed  of  rotation,  the  strength  of  the  field  being  invariable.  But, 
as  we  have  already  indicated,  there  are  several  causes  which  tend 
to  prevent  the  increase  of  the  potential  difference  developed 
by  the  augmentation  of  speed  from  attaining  this  proportion,  the 
principal  being  the  self-induction  of  the  armature  and  the  electro- 
magnetic reaction  of  the  current  in  the  armature  upon  the 
field  produced  by  the  field-magnets.  It  is  important  to 
notice  that  when  a  current  is  flowing  round  the  armature  coil, 
the  whole  armature  is  in  reality  an  electro  magnet,  and  it  acts 
as  such  upon  the  poles  of  the  permanent  horseshoe  magnet 
which  supplies  the  field,  this  reaction,  as  in  every  similar  case, 
tending  to  stop  the  motion  of  the  armature.  In  fact,  were  it 
not  for  this  reaction,  it  would  cost  no  more  to  drive  a  machine 
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when  it  is  developing  a  strong  current  than  when  the  current 
is  comparatively  small.  The  work  done  in  driving  the  armature 
consists  chiefly  in  overcoming  the  mutual  attraction  between  the 
armature  and  the  field-magnets.  The  nature  of  this  may  be  seen 
by  referring  to  fig.  138.  The  direction  of  the  current  in  the  coil  is 
such  that,  supposing  the  wire  to  be  wound  over  an  iron  core,  a 
south  pole  would  be  developed  at  the  end  of  the  core  nearest  to 
the  north  pole  of  the  field- magnet,  while  a  north  pole  would  be 
developed  at  the  end  near  the  south  pole  of  the  field-magnet. 
Obviously  the  result  of  the  attraction  would  be  an  effort  to  prevent 
or  resist  rotation,  and  as  the  attraction  increases  with  every  increase 
in  the  armature  current,  it  follows  that  the  power  required  to  turn 
the  armature  must  also  be  correspondingly  increased.  When, 
however,  the  armature  is  forcibly  rotated  against  this  tendency, 
the  magnetic  field  is  distorted  somewhat  out  of  its  true  position, 
and,  as  the  current  in  the  armature  rapidly  alternates  from  zero 
to  a  maximum,  this  distorting  effect  will  also  vary  considerably, 
with  the  result  that  the  field  will  be  kept  in  a  state  of  oscillation 
and  its  uniformity  destroyed.  The  maximum  current  in  the 
armature  becomes  higher  as  the  speed  is  increased  if  the  external 
resistance  is  constant,  and  the  distortion  of  the  field  is  then 
greater,  the  result  being  a  tendency  to  prevent  the  terminal 
pressure  rising  in  proportion  to  the  speed. 

The  effect  of  the  self-induction  of  the  armature,  which  be- 
comes more  strongly  marked  as  the  speed  increases,  is  to  retard 
the  rise  and  fall  of  the  current.  In  fact,  were  we  able  to  plot  a 
curve  showing  the  rise  and  fall  of  a  current  in  this  shuttle  armature, 
we  should  find  it  somewhat  similar  to  that  given  in  fig.  143,  for  the 
rise  and  fall  of  the  electro-motive  force,  but  with  the  important 
difference  that  it  would  be  shifted  more  or  less  to  the  right,  its 
maxima  and  minima  being,  however,  less  in  value,  as  well  as 
occurring  later  than  would  be  the  case  if  the  armature  had  little 
or  no  self-induction.  Owing  to  the  fact  that  it  is  not  possible  to 
construct  a  practical  armature  with  as  little  self-induction  as  the 
single  rectangle,  or  to  make  its  active  limbs  cut  the  lines  of  force 
of  a  uniform  field  in  such  a  regular  manner  as  is  done  by  our 
experimental  rectangle,  we  do  not  in  practice  obtain  a  perfect  sine 
curve  for  the  e.m.f.  curve  of  any  armature,  but  only  an  approxi- 
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mation  thereto,  such  as  that  shown  in  fig.  147.  The  approximation 
is,  however,  a  very  close  one  in  the  case  of  some  machines  in  which 
the  field  is  very  powerful  and  in  which  no  iron  core  is  used  in  the 
armature.  This  is  also  true  in  the  case  of  certain  machines  with 
iron  cores,  but  having  the  pole- faces  shaped  to  a  particular  form, 
instead  of  being  circular. 

We  shall  presently  be  better  able  to  consider  the  reaction  on 
the  field  in  connection  with  a  different  type  of  armature,  but  we 
may  here  remark  that  it  is  one  of  the  most  important  points  to 
be  borne  in  mind  in  deciding  how  a  more  powerful  and  efficient 
machine  can  be  obtained. 

It  can  readily  be  imagined  that  in  all  the  early  efforts  to 
construct  a  dynamo-electric  machine,  the  field  was  obtained  by 
means  of  permanent  magnets.     Machines  in  which  steel  magnets 

Fig.  147 


are  employed  for  producing  the  field  are  often  called  magneto- 
electric  machines,  and  are  sometimes  regarded  as  a  class  alto- 
gether distinct  from  machines  in  which  the  field  is  developed  by 
one  or  more  electro- magnets,  but  such  a  distinction  is  somewhat 
arbitrary. 

One  of  the  earliest  as  well  as  one  of  the  most  interesting  of 
the  so-called  magneto-machines  is  that  of  De  Meritens,  which 
is  still  employed  for  lighthouse  purposes.  A  general  view 
of  one  form  of  this  machine  is  shown  in  fig.  148.  It  will  be 
observed  that  fundamentally  it  is  similar  in  principle  to  the  simple 
elementary  machine  which  we  have  just  discussed — that  is  to  say, 
currents  are  generated  by  rotating  coils  of  wire  in  such  a  manner 
that  they  cut  lines  of  force  due  to  permanent  steel  magnets,  but 
there  is  a  considerable  difference  as  regards  detail.  For  example, 
a  number  of  steel  magnets  instead  of  one  only  are  employed, 
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with  a  corresponding  number  of  coils,  and  the  coils  glide  past  the 
poles  of  all  the  magnets  in  turn,  instead  of  each  coil  rotating  in  the 
field  set  up  by  one  particular  magnet 

The  armature  in  fact  consists  of  a  series  of  sixteen  coils  fixed 
round  the  periphery  of  a  wheel  of  brass  or  other  non-magnetic 
material.  The  method  of  constructing  and  fixing  the  coils  is 
shown  in  fig.  149,  one  coil  and  a  portion  of  the  rim  of  the  wheel 


being  in  section.  A  flat  core  of  soft  iron  c  (composed  of  eighty 
pieces  of  soft  sheet  iron  1  millimetre  thick  and  stamped  out  to 
shape)  is  provided  with  rather  large  pole-pieces,  and  has  wound 
over  it  about  1^  pound  of  insulated  copper  wire.  Each  coil  is 
distinct  from  the  others,  the  cores  of  two  adjacent  coils  being 
magnetically  insulated  (as  at  X  v,  fig.  150)  by  a  thin  strip  of 
copper.     The  ends  of  the  pole-pieces  of  the  cores  are  provided 
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with  semi-cylindrical  grooves  of  the  necessary  dimensions,  so  that 
the  whole  are  firmly  fastened  together  by  bolts.  It  is  important 
to  notice  that  the  extensions  of  the  cores  reduce  the  air-space 
between  the  poles  of  the  permanent  magnets  and  the  cores  to  a 
minimum,  and  therefore  conduce  to  the  projection  of  the  greatest 
possible  number  of  lines  of  force  through  the  coils,  and  con- 
sequently to  the  generation  of  the  maximum  attainable  e.m.f. 

The  field  is  produced  by  a  series  of  eight  compound  or 
laminated  steel  magnets  placed  horizontally  round  the  armature 
ring,  and  fixed  to  a  brass   framework.     The  inner  surfaces  of 


the  magnet  poles  are  provided  with  small  soft-iron  pole-pieces, 
which  further  reduce  the  air-gaps  between  the  magnets  and  the 
armature  cores.  The  magnets  are  disposed  uniformly  round  the 
ring,  the  coils  passing,  therefore,  north  and  south  poles  alternately. 
The  distance  between  the  limbs  of  each  magnet  being  exactly 
equal  to  that  between  the  opposite  poles  of  the  adjacent  magnets, 
and  this  distance  being  also  equal  to  the  length  of  each  coil, 
it  follows  that,  on  the  armature  being  rotated,  each  coil  passes 
sixteen  alternate  poles  in  one  revolution.  The  manner  in  which 
the  currents  are  induced  can  best  be  appreciated  by  a  reference  to 
"g-  iS°i  where  the  ring  has  only  four  coils  which  rotate  between 
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a  similar  number  of  magnet  poles,  N  s  N  s,  one  coil  or  segment, 
a  b,  being  shown  in  section.  When  the  coils  are  in  the  position 
shown,  the  minimum  number  of  lines  of  force  is  at  that  moment 
passing  through  them,  and  the  e.m.f.  reaches  its  highest  value. 
After  traversing  another  45  s  the  core-extensions  will  be  opposite 
F|G_  the  field-magnet  poles,  and  each 

x  cote  will  therefore  be  in  the  best 

position  to  complete  the  magnetic 
circuit  between  two  opposite 
poles,  and  consequently  the  coils 
will  then  embrace  the  maximum 
number  of  lines  of  force ;  at  this 
latter  point  the  reversal  of  the 
current  takes  place.  The  coils 
being  all  wound  in  the  same 
direction  and  all  connected 
together  in  series,  it  is  evident 
that  at  any  instant  the  current 
in  the  adjacent  coils  on  either  side 
will  be  opposite  in  direction  to  that  taken  by  the  current  in  A  b,  as 
they  are  passing  through  fields  developed  by  the  south  poles.  Were 
the  adjacent  ends  of  the  neighbouring  coils  connected  together,  the 
electro-motive  forces  in  the  various  coils  would  therefore  neutralise 
each  other,  and  no  current  could  be  urged  through  the  external 


circuit.  This  difficulty,  however,  can  be  readily  obviated,  as  will 
be  made  evident  by  a  reference  to  fig.  151.  Instead  of  connecting 
the  adjacent  ends  of  two  coils  together,  the  connection  is  made 
between  their  two  similar  ends — that  is  to  say,  the  end  of  the  coil 
a  to  the  left  hand  is  connected  to  the  similar  end  of  B,  while  the 
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end  of  b  to  the  right  hand  is  connected  to  the  right-hand  end  of 
c,  and  so  on.  In  this  way,  although  at  any  moment  the  cur- 
rents in  adjacent  coils  are  generated  in  opposite  directions,  they, 
instead  of  neutralising  one  another,  are  made  to  take  one  common 
direction  through  the  circuit  This  does  not,  of  course,  alter  the 
fact  that  the  current  delivered  by  the  dynamo  is  an  alternating 
one— that  is  to  say,  as  the  coils  advance  from  one  set  of  magnet 
poles  to  the  next,  the  direction  of  the  current  in  the  whole  of  the 
coils  is  reversed,  and  therefore  also  the  direction  of  the  current 
in  the  external  circuit.  The  whole  of  the  coils  in  fig.  148  being 
joined  together  in  series,  the  total  e.m.f.  developed  id  sixteen 
times  that  developed  in  one  of  the  coils,  and  further  the  current 
will  alternate  in  direction  at  a  rate  greater  by  eight  times  than 
would  be  the  case  if  only  one  magnet  were  employed  and  the 
armature  were  rotated  at  the  same  speed. 

It  has  been  pointed  out  that  the  best  means  available  for 
increasing  the  e.m.f.,  and  therefore  also  the  strength  of  the  current 
yielded  by  a  machine,  is  to  increase  the  strength  of  the  field. 
Now  there  is  a  limit,  which  is  soon  reached,  to  the  field  attainable 
with  permanent  steel  magnets  even  if  built  up  of  thin  sections, 
because  the  maximum  number  of  lines  of  force  which  can  be 
urged  through  steel  is  comparatively  low,  and  even  then  only  a 
portion  of  this  number  can  be  permanently  retained  ;  whereas  with 
good  soft  iron  a  far  greater  number  can  be  forced  through,  and  if 
the  lines  of  force  are  produced  by  a  current  circulating  in  a  coil 
of  wire  enveloping  the  iron,  the  question  of  retentivity  does  not 
arise.  Consequently,  to  develop  a  given  amount  of  power,  a 
machine  in  which  the  field  is  produced  by  electro-magnets  is  con- 
siderably smaller  than  one  in  which  steel  magnets  are  employed. 

Primary  batteries  might  be,  and  in  fact  were  at  one  time,  used 
to  furnish  the  current  for  the  purpose  of  exciting  the  field- magnets, 
but  it  is  far  more  economical  and  advantageous  to  obtain  this 
current  by  means  of  secondary  cells,  or  of  a  small  dynamo.  In  many 
cases,  more  particularly  with  the  large  machines  of  modern  design, 
a  relatively  small  dynamo  is  attached  to  the  shaft  of  the  machine 
which  it  has  to  excite,  as  illustrated  in  fig.  165.  This  auxiliary 
machine,  which  we  will  for  the  present  refer  to  as  the  exciter, 
must  be  able  to  excite  itself — that  is  to  say,  it  must  be  able  to 
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supply  the  requisite  current  for  its  own  field-magnet  coils — and  to 
yield  a  current  continuous  in  direction.  Descriptions  of  several 
such  dynamos  will  be  found  in  the  following  chapters.  It  must 
be  remembered,  however,  that  the  power  necessary  to  excite  the 
magnets  is  in  all  cases  to  be  regarded  as  so  much  loss. 

Let  us  now  return  to  fig.  138  in  which  we  have  a  single  turn 
or  coil  of  wire  revolving  in  a  field  of  force,  and  suppose  that, 
instead  of  a  single  coil,  we  have  two  coils  rotating  about  a  common 
axis,  but  that  the  planes  of  the  two  coils  are  inclined  at  an  angle 
of  900  to  one  another — that  is  to  say,  they  are  at  right  angles. 
It  is  evident,  if  these  coils  are  electrically  independent  of  one 
another,  that  the  e.m.f.  developed  in  each  coil  will  be  represented 
by  a  curve  or  wave  exactly  similar  to  that  given  in  fig.  143,  but 
that  one  curve  will  be  900  in  front  of  the  other — that  is  to  say, 
at  the  instant  when  the  e.m.f  in  one  coil  reaches  a  maximum 
value,  the  e.m.f.  in  the  other  will  be  zero.  The  ends  of  the  two 
coils  may  be  brought  out  and  connected  to  four  contact  or  *  slip  ' 
rings  after  the  manner  indicated  for  one  coil  in  fig.  144.  The 
four  slip  rings  being  insulated  from  one  another,  it  follows  that 
the  circuits  through  the  two  coils  are  quite  separate  and  distinct. 
Another  method  of  connection  is  to  join  one  end  of  each  coil  to 
a  common  slip  ring,  the  other  ends  being  connected  each  to  a 
separate  ring.  Three  rings  only  are  actually  required  in  the  latter 
case,  in  which  the  circuits  of  the  two  coils  are  not  independent, 
and  it  is  important  that  the  effect  of  this  arrangement  should  be 
carefully  studied.  In  the  first  place,  the  e.m.f.  of  the  individual 
'coils — that  is  to  say,  the  e.m.f.  set  up  between  the  respective  free 
ends  and  the  common  end  or  junction — will  remain  unaltered. 
In  other  words,  the  e.m.f.  of  one  coil  will  not  be  affected  by  con- 
necting to  one  end  of  it  another  coil  with  another,  and  possibly 
different,  e.m.f.  The  potential  difference  between  the  two  free  ends 
will,  however,  have  a  definite  value  in  any  particular  position  of  the 
coils  as  they  rotate  in  the  field  of  force.  We  will,  for  the  sake  of 
clearness,  call  the  potential  of  the  junction  or  common  end  x,  and 
the  potential  of  the  free  end  of  one  coil  f,  the  potential  of  the  free 
end  of  the  other  coil  being  indicated  by  f7  ;  all  these  potentials 
being  referred  to  the  earth  as  zero  potential.  Obviously  the 
potential  difference  between  the  free  end  of  the  first  coil  and  the 
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common  end  will  be  F  —  x,  while  the  potential  difference  between 
the  free  end  of  the  other  coil  and  the  common  end  will  be  f'  —  x. 
From  this  it  will  be  seen  that  the  potential  difference  between  the 
free  ends  of  the  two  coils  is 

(f  —  x)  —  (f7  —  x)  =  f  —  f'. 

Hence,  in  order  to  ascertain  the  wave  or  curve  of  the  potential 
difference  between  the  two  free  ends  of  the  coils,  we  simply  sub- 
tract from  one  another  the  instantaneous  values  given  by  the  wa^es 
of  E.M.F.  for  the  two  coils,  or,  in  other  words,  reverse  the  sign 
of  the  values  given  by  one  wave  and  add  these  values  to  those 
given  by  the  other.  A  reference  to  fig.  152  will  perhaps  serve  to 
simplify  the  matter. 

The  waves  a  and  b  give  the  e.m.f.  induced  in  each  coil,  and  it 
will  be  noticed  that  the  wave  b  is  at  every  point  900  behind  the 


wave  a.  The  wave  c  is  simply  b  redrawn  with  its  sign  reversed  at 
every  point,  and  the  wave  d  is  obtained  by  adding  the  values  given 
by  a  and  c  at  every  instant.  If  these  various  curves  are  plotted 
carefully  it  will  be  found  that  the  maximum  ordinate  (or  vertical 
distance  from  the  horizontal  or  zero  line  e  f)  of  d  is  exactly  >/  2 
times  the  maximum  ordinate  of  a  or  r,  and  further  it  will  be  found 
that  if  a  and  b  are  sine  curves,  d  will  be  a  sine  curve  also.  Thus 
we  arrive  at  the  important  result  that  the  maximum  e.m.f.  induced 
between  the  two  rings  which  are  connected  to  the  free  ends  of  the 
coils  is  exactly  s/ 2  times  the  e.m.f.  induced  between  either  of 
these  two  rings  and  the  third  one  which  forms  the  common 
junction  of  the  two  coils. 

All  that  has  been  said  in  reference  to  the  e.m.f.'s  can  be 
similarly  applied  when  considering  the  currents  produced  by  these 
e.m.f.'s.      We    may  suppose   the   two   coils    to   be  represented 
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diagrammatically  by  f  e  and  d  e  (fig.  153),  where  f  and  d 
represent  the  free  ends,  and  e  the  junction  or  common  end. 
Between  the  slip  rings  to  which  the  armature  coil  f  e  is 
connected  is  the  external  circuit  m,  consisting  of  a  pair  of  wires 
or  leads  f  a  and  e  c  and  a  number  of  lamps  l.  Similarly,  between 
the  slip  rings  to  which  the  armature  coil  d  e  is  connected  is  the 
external  circuit  n,  which  consists  of  the  wire  e  c  above  referred  to, 
the  wire  d  £,  and  the  lamps  Lj.  So  long  as  the  lamps  remain 
unaltered  in  number  the  currents  in  the  two  circuits  m  and  n 
will  have  the  same  maximum  value,  but  these  maxima  will  be 
displaced  by  900.  The  current  in  the  common  lead  e  c  can  be 
found  by  adding  the  values  given  by  the  two  waves  at  any  instant, 
and  it  will  be  seen,  if  this  is  done,  that  the  maximum  current  in 
E  c  will  be  *J  2  times  the  maximum  current  in  f  a  or  d  b.     It 

Fig.  153 


follows  that  if  we  wish  to  have  the  same  current  density  in  the 
line  c  as  in  a  or  b  the  section  of  c  must  be  >/2  times  larger  than 
that  of  a  or  b. 

A  machine  whose  armature  is  wound  with  coils  displaced  by 
900  as  above,  is  called  a  two-phase  machine,  and  the  currents  so 
produced  can  be  utilised  for  the  important  object  of  obtaining  a 
rotating  field,  as  will  be  explained  later. 

If  the  currents  are  distributed  from  four  slip  rings  the  system 
is  called  a  two-phase  four-wire  system ;  if  the  distribution  is  from 
three  slip  rings  the  system  is  a  two-phase  interlinked  or  three- 
wire  system. 

If  three  coils  are  placed  on  the  spindle  a  b  (fig.  138),  having 
their  planes  inclined  at  1200  to  one  another,  it  is  clear  that  each 
coil  will  generate  an  e.m.f.  displaced  [by   1200  relatively  to  the 
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other  two.  Moreover,  it  will  be  found,  if  the  three  curves  of 
e.m.f.  are  drawn  out  as  in  fig.  154,  that  at  any  instant  the 
algebraic  sum  of  the  three  is  zero,  or,  since  what  applies  to 
e.m.f.'s  applies  equally  well  to  currents,  it  follows  that  if  each  coil 
is  provided  with  separate  leads  and  is  'loaded'  with  the  same 
number  of  lamps  the  algebraic  sum  of  the  currents  in  three  of  the 
leads  will  be  zero,  and  therefore  we  can  connect  these  three  leads 
together  without  causing  an  alteration  in  the  current  distribution. 
Further,  if  necessary,  we  can  entirely  discard  the  common  lead, 
and,  connecting  the  three  ends  of  the  coils  together,  the  lamp 
leads  may  be  connected  between  the  free  ends  of  the  coil  as  is 
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shown  in  fig.  159,  and  each  coil  may  be  considered  as  the  return 
of  the  other  two.  It  must  be  remembered,  however,  that  the 
e.m.f.  between  the  free  ends  of  the  coils  will  be  v/3  times  as 
great  as  the  e.m.f.  induced  in  any  one  coil. 

It  now  remains  to  be  seen  how  generators  can  be  constructed 
to  develop  the  requisite  currents  differing  in  phase  as  indicated 
by  the  curves  in  figs.  152  and  154. 

The  diagrams  in  figs.  155  and  156  show  the  arrangements 
required  for  a  two- phase  machine.  The  field  coils  are  wound  so 
that  alternate  n  and  s  poles  are  produced,  and  the  thick,  full  lines 
marked  a  show  the  armature  windings  which  would  be  required 
for  a  simple  single- phase  alternator.     It  will  be  observed  that  in 
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the  position  shown  the  e.m.f.  in  these  coils  marked  a  is  at  its 
maximum.    A  second  set  of  coils  marked  b  is  shown  exactly 


Fig.  155 


midway  between  the   a  coils,  and  evidently   the   e.m.f.  in  the 
b  coils  is  at  its  minimum  value — that  is,  at  zero. 


Fig.  156 


It  should  be  noted  that  in  dealing  with  machines  with  more 
than   two  poles   it   is  convenient   to  refer  to  distances  on  the 
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armature  in  electrical,  instead  of  geometrical,  degrees — that  is  to 
say,  the  distance  between  the  centres  of  two  neighbouring  poles  is 
to  be  taken  as  180  electrical  degrees  whatever  the  geometrical 
distance  may  be.  Thus,  in  a  machine  with  six  poles,  the  pole 
pitch  will  be  6o°  in  geometrical  terms,  but  1800  in  electrical 
terms.  In  the  case  of  two-pole  machines  the  two  terms  are 
identical. 

If  the  a  coils  in  the  armature  (fig.  155)  are  all  joined  in  series 
and  connected  to  one  pair  of  mains,  and  the  b  coils  likewise 
joined  in  series  and  connected  to  another  pair  of  mains,  we 
shall  have  two  separate  circuits,  the  e.m.f.'s  in  which  are  of  the 
same  frequency  and  value,  but  which  differ  in  phase  by  900. 
Fig.  156  is  a  developed  diagram  of  the  winding  of  a  two-phase 
alternator  with  two  convolutions  in  each  armature  coil,*and  with 
one  coil  per  pair  of  poles  for  each  phase.  It  shows  clearly  the 
method  of  winding  and  connection  to  the  external  circuit,  and 
also  the  relative  position  o^  the  a  and  b  coils  with  respect  to  the 
pole-pieces  when  the  current  in  the  a  coils  is  at  its  maximum, 
and  that  in  b  is  zero.  Any  simple  single-phase  alternator  can 
readily  be  converted  into  a  two-phase  machine  by  simply  adding 
a  second  set  of  armature  coils  with  the  active  portion  exactly 
midway  between  those  of  the  existing  set.  Subject  to  the  limita- 
tions imposed  by  the  permissible  rise  in  temperature  the  output 
from  a  single-phase  machine  can  be  largely  increased  (in  some 
instances  almost  doubled)  by  converting  it  into  a  two-phase 
machine,  the  increase  in  weight  and  cost  being  that  due  to  the 
second  set  of  coils  only. 

A  three-phase  machine  can  be  constructed  by  employing 
three  sets  of  armature  windings,  placed  in  equidistant  slots  as 
shown  in  fig.  157,  the  relative  space,  with  respect  to  the  pole- 
pieces,  occupied  by  any  one  set,  say  the  a  coils,  being  similar  to 
that  in  the  two-phase  or  single-phase  machines.  A  corresponding 
developed  diagram  is  given  in  fig.  158.  In  the  positions  shown  the 
e.m.f.  in  the  a  coils  is  at  its  maximum ;  the  e.m.f.'s  of  b  and  c 
are  equal,  and  as  the  field  poles  are  moving  to  the  right,  the  value 
of  b  from  this  point  decreases,  and  that  of  c  increases.  We  have 
already  explained  that  in  a  three-phase  machine  the  sum  of  the 
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three  currents  at  any  instant  is  zero,  and  that  therefore  a  return 
wire  or  wires  may  be  dispensed  with. 

The  diagrams  show  the  way  in  which  one  end  of  each  of  the 
three  armature  coils  may  be  connected  to  a  common  junction  m, 


Fig.  157 
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the  other  or  free  ends  being  led  to  the  terminals  b,  c,  a,  and  from 
thence  to  the  external  circuit. 

These  simple  connections  give  what  is  known  as  the  'star' 
method  of  winding,   and   fig.    159   shows  the  armature  of  the 


Fig.  158 
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generator  and  the  lamp  loads  connected  by  the  three  main  leads. 
When  the  current  in  the  a  coils  is  at  its  maximum,  as  in  the 
case  just  considered,  then  those  in  the  b  and  c  coils  are  equal 
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and  each  half  the  value  of  a  ;  at  this  moment  the  b  and  c  leads  act 
as  a  return  to  a,  as  indicated  by  the  arrows  in  the  diagram. 

The  three  sets  of  coils  in  the  armature  of  the  generator  are 
sometimes  joined  as  in  fig.  160,  and  the  three  junctions  connected 
to  the  three  main  leads.  This  gives  us  what  is  known  as  the 
'mesh'  grouping  or  method  of  winding,  as  indicated  in  the 
figure. 

It  will  be  seen  that  the  mesh  grouping  approximates  somewhat 
to  a  parallel  method  of  winding,  when  considered  with  respect  to 
the  external  circuit,  with  the  result  that  the  pressure  between  the 
mains  is  less  than  with  the  equivalent  star  grouping,  the  currents 

Fig.  159 
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being  correspondingly  heavier.  For  transmission  of  power  to 
great  distances,  where  low  current  strength  and  correspondingly 
high  pressure  in  the  mains  is  essential,  the  star  grouping  is 
preferable.  To  obtain  a  given  pressure  in  the  mains  with  a 
mesh  grouping  requires  about  73  per  cent  (that  is,  ^3  times) 
greater  length  of  conductor  in  the  armature  than  with  the  star 
grouping. 

There  is  the  advantage  in  the  case  of  mesh  grouping  that, 
although  one  set  of  windings  may  break  down,  the  machines 
will  continue  to  run  as  two-phase  machines,  whereas  with  star 
windings  the  machines  would  become  simple  single  phase. 
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Polyphase  machines  are  especially  suitable  for  the  transmission 
of  power  to  considerable  distances,  where  a  high  pressure  on 
the  line  is  essential  to  economy.  For  such  work  direct-current 
machines  are  rarely  employed  on  account  of  the  trouble  experienced 
with  the  commutators  (see  Chapter  IX.)  and  the  difficulty  in  main- 
taining the  insulation  of  the  armature  windings.  The  objection  to 
single-phase  machines  on  account  of  the  difficulty  in  starting  the 
motors  will  be  referred  to  in  Chapter  XII.  Polyphase  machines 
can  also  be  used  with  advantage  on  a  low-pressure  system  where 
it  is  necessary  to  drive  electric  motors  and  also  feed  lamps.     The 
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method  of  connecting  up  the  lamps  is  indicated  in  the  diagram, 
fig.  159.  They  may  be  joined  across  any  one  pair  of  mains,  and 
they  should  be  so  arranged  that  an  approximate  balance  is  main- 
tained— that  is  to  say,  the  loads  should  as  nearly  as  possible  be 
made  uniform. 

We  have  seen  in  the  earlier  part  of  this  chapter  that  the  e.m.f. 
induced  in  a  conductor  moving  in  a  magnetic  field  is  proportional 
to  the  rate  at  which  it  cuts  the  lines  of  force.  Suppose,  for 
example,  we  have  a  conductor  of  length  /  centimetres  moving  in  a 
direction  perpendicular  to  its  length  at  a  rate  of  v  centimetres  per 
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second.  In  one  second  the  conductor  will  have  swept  out  an 
area  of  v  I  square  centimetres,  and  if  this  area  be  traversed  by  a 
uniform  field  having  a  density  of  B  lines  per  square  centimetre, 
the  number  of  lines  which  the  conductor  will  cut  in  one  second 
will  be  B  v  /—that  is  to  say,  the   e.m.f.  induced  will  be  B  v  I 

cg.s.  units  or 

BV  volts. 

IO8 

If  the  speed  is  not  constant,  and  if  the  field  also  varies  from 
point  to  point,  the  above  expression  for  the  e.m.f.  induced  at  any 
instant  still  holds  if  B  be  the  density  of  the  field  in  which  the 
conductor  moves  at  that  instant,  and  v  the  speed  at  which  it 
moves  at  the  same  instant 

It  is,  of  course,  only  the  relative  speed  of  the  conductor  and 
field  which  need  be  considered,  and  not  the  actual  movement  of 
either,  the  e.m.f.  produced  for  a  given  relative  speed  being  the 
same  whether  the  conductor  or  the  field  be  stationary. 

If  we  wish  then  to  increase  the  e.m.f.  induced  we  have  three 
factors  which  may  be  varied,  viz.  the  length  /  of  the  conductor, 
the  velocity  v,  and  the  density  B  of  the  field. 

In  the  practical  case  of  an  armature  conductor  it  is  obvious 
that  the  length  may  not  be  increased  beyond  certain  limits, 
for  besides  increasing  the  resistance  and  self-induction  of  the 
armature,  the  cost  of  the  machine  will  be  too  great.  The  velocity 
is  limited  by  the  mechanical  strength  to  resist  the  centrifugal  forces 
tending  to  rupture  the  armature,  and  it  only  remains  to  be  seen 
how  the  density  of  the  field  can  be  increased.  This  last  method 
of  increasing  the  e.m.f.  is  the  freest  from  objections,  and  it  has 
the  all  important  effect  that  the  stronger  the  fixed  field  is  as  com- 
pared with  that  developed  by  the  armature,  the  less  is  the  reaction 
and  consequent  distortion  of  the  field.  This  question  of  armature 
reaction  will  be  more  fully  dealt  with  in  another  chapter. 

It  is  clear  that  if  we  reduce  the  reluctance  of  the  path  of  the  lines 
of  force  the  number  of  lines  will  be  increased  for  a  given  magneto- 
motive force,  and  if  the  reluctance  be  reduced,  but  at  the  same 
time  the  cross-section  of  the  path  maintained  constant,  the  density 
of  the  field  will  be  increased.   Now  in  an  alternator  the  reluctance 
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of  the  magnetic  circuit  may  be  made  as  small  as  the  circumstances 
usually  require  by  sufficiently  reducing  the  air-gap,  the  reluctance 
of  the  iron  parts  of  the  magnetic  circuit  being  in  many  cases 
negligibly  small.  If  the  coils  are  wound  on  a  smooth  armature 
core  there  is,  however,  a  limit  to  the  shortening  of  the  air-gap 
which  is  determined  by  the  space  taken  up  by  the  winding  ;  for 
the  air-gap  is,  of  course,  to  be  reckoned  as  the  distance  between 
the  face  of  the  pole-shoe  and  the  face  of  the  armature  core,  the 
permeability  of  the  copper  conductors  being  the  same  as  that  of 
air.  Moreover,  a  certain  clearance  is  always  necessary  in  order 
to  allow  for  a  slight  eccentricity,  or  for  vibrations  which  might 
cause  the  rotating  part  to  foul.  In  order  then  to  reduce  the  air- 
gap  as  much  as  practicable  it  is  now  the  almost  universal  practice 
to  have  a  number  of  slots  equally  spaced  round  the  armature 
periphery,  and  to  wind  the  coils  through  these  slots,  or — which 
amounts  to  the  same  thing — to  prepare  the  coils  separately,  and 
then  to  fix  them  in  the  slots.  These  slots  may  be  either  quite 
open,  partially  closed,  or  completely  closed. 

The  use  of  slots  has  many  advantages,  such,  for  instance,  as 
the  mechanically  excellent  manner  in  which  the  conductors  are 
held  in  position  and  the  ease  with  which  the  armature  may  be 
wound.  If  the  slots  are  open  or  partially  closed  the  coils  are 
kept  in  position  by  driving  wedges  in  at  the  top  of  the  slots. 

There  is  another  point  worthy  of  notice  in  connection  with  the 
use  of  slots  and  to  which  reference  should  be  made:  when  a 
conductor  moving  in  a  magnetic  field  has  a  current  induced  in  it 
there  is  a  mutual  force  exerted  between  the  current  and  the  field 
tending  to  stop  the  motion  of  the  wire,  and  this  force  has  to  be 
overcome  in  order  to  drive  the  conductor  across  the  lines  of  force, 
and  the  mechanical  energy  thus  expended  corresponds  to  the 
electrical  energy  produced.  This  will  be  clear  from  an  inspection 
of  fig.  161,  in  which  the  conductor  a  is  shown  to  be  moving  across 
the  magnetic  field,  thereby  causing  a  current  to  flow  in  a  direction 
perpendicular  to  the  plane  of  the  paper  from  front  to  back.  As 
a  consequence  the  field  is  distorted  in  such  a  way  that  the  density 
in  front  of  the  conductor  is  increased  and  the  motion  thereby 
retarded.  When  the  conductors  are  placed  in  slots,  however, 
nearly  all  the  lines  of  force  crowd  into  the  adjacent  teeth,  and  the 
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1  magnetic  drag '  is  transferred  from  the  conductor  to  the  teeth. 
The  insulation  of  the  coils  in  the  slots  is  thus  rendered  much  less 
liable  to  be  disturbed  or  injured,  and  this  is  a  distinct  advantage 
arising  from  the  use  of  slots  for  the  conductors. 

In  modern  alternators  either  the  field  system  or  the  armature 
may  be  made  as  the  rotating  part.  For  large  machines  giving  a 
high  pressure  it  is  usual  to  have  the  armature  stationary  because 
this  arrangement  allows  the  current  to  be  collected  from  fixed 
terminals  instead  of  slip  rings.  This  in  itself  is  a  great  advantage ; 
moreover,  it  is  much  easier  to  maintain  an  efficient  insulation  for 
the  armature  coils  when  they  are  stationary  than  when  they  form 


Fig.  161 


part  of  the  rotating  mass.  On  the  other  hand,  however,  the 
armature,  which  is  the  most  expensive  part  of  the  machine  on 
account  of  the  winding,  &c,  has  smaller  dimensions  in  a  machine 
of  equal  output  in  which  the  armature  rotates  in  a  field  developed 
by  field  magnets  which  are  stationary.  As  a  rule  it  may  be  said 
that  small  low-pressure  machines  are,  as  a  matter  of  practice, 
made  with  a  rotating  armature,  while  large  high-pressure  machines 
are  made  with  a  rotating  field  system. 

In  fig.  162  the  method  of  construction  in  a  modern  three- 
phase  alternator  is  illustrated.  The  armature  core  a,  which  in 
this  case  is  the  stationary  part  (or  stator),  is  built  up  of  soft-iron 
stampings  0*5  mm.  thick  bolted  together  into  the  cast-iron  frame  b. 
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These  stampings  have  a  very  high  permeability  and  are  insulated 
from  one  another  by  being  pasted  on  one  side  with  paper,  or 
sometimes  by  being  coated  with  a  paste  containing  chalk.  In  this 
way  the  eddy  currents  which  are  induced  by  the  sweeping  of  the 
magnetic  field  across  the  core  are  reduced  to  a  minimum. 

In  machines  in  which  the  armature  rotates,  the  laminations  are 
collected  and  bolted  together  on  what  is  known  as  a  *  spider/ 
and  the  construction  of  the  armature  is  similar  to  that  used 
for  direct-current  machines  and  described  in  the  following 
chapters. 

It  is  usual  to  provide  ventilating  channels  or  *  ducts '  in  the 
armature  core,  and  this  is  done  by  simply  dividing  the  total 
number  of  core  plates  in  two  or  three  parts  (according  to  the 
number  of  ducts  required),  and  inserting  distance  pieces  between 
the  parts.  In  the  example  shown  in  fig.  162  there  are  three 
ventilating  ducts  in  the  armature  core,  as  is  indicated  at  h  in  the 
sectional  view,  and  the  air  passing  freely  through  these  channels 
keeps  the  core  cool. 

The  armature  coils  are  placed  in  slots  stamped  in  the  core 
laminations  a  ;  the  cross-section  shown  in  fig.  162  has  been  taken, 
however,  on  a  line  passing  between  two  slots — that  is  to  say, 
through  a  tooth — and  therefore  only  the  ends  of  the  coils  e  e  are 
visible.  It  is  to  be  noticed  that  whilst  the  coils  of  one  phase  are 
wound  in  a  horizontal  plane  the  coils  of  the  other  two  phases  are 
bent  up  at  right  angles  at  the  end,  this  being  done  in  order  to 
allow  the  coils  to  cross  without  touching.  The  ends  are  protected 
by  means  of  the  covers  f  f  which  are  bolted  on  to  the  cast-iron 
frame  b,  and  which  being  perforated  do  not  affect  the  ventilation 
to  any  marked  degree. 

The  coils  are  wound  on  a  former,  insulated,  and,  after  being 
tested,  are  slipped  into  position  in  the  slots,  the  width  of  each  coil 
being  such  that  whilst  one  side  moves  in  a  field  of  one  polarity 
the  other  side  moves  in  a  field  of  the  opposite  polarity,  and  thus 
the  e.m.f.'s  induced  in  each  side  of  the  coil  assist  one  another  so 
that  the  total  e.m.f.  induced  at  the  terminals  of  a  coil  is  twice 
that  induced  in  one  side.  The  slots  are  lined  with  insulating 
material  of  a  thickness  and  nature  depending  on  the  E.M.F.  which 
the  machine  is  intended  to  develop.     Presspahn  (a  composition 
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of  oiled  and  compressed  paper)  and  oiled  tape  for  low  pressures, 
and  in  addition  mica  or  mica  compositions  for  high  pressures, 
are  the  most  usual  materials  for  this  purpose.  If  the  slots  are 
nearly  closed  it  will  often  be  impossible  to  use  former-wound 
coils,  and  in  such  cases  the  coils  must  be  wound  in  position  in 
the  slots. 

When  a  coil  passes  from  a  position  opposite,  say,  one  s  pole 
across  the  adjacent  n  pole  to  a  position  opposite  the  next  s  pole, 
the  e.m.f.  induced  passes  through  a  complete  cycle  or  alternation  ; 
thus,  one  revolution  of  the  armature  indicates  that  the  e.m.f. 
induced  in  a  coil  has  passed  through  the  same  number  of  cycles 
as  there  are  pairs  of  poles  on  the  machine — each  pair  of  poles 
corresponding  to  one  cycle,  if  the  machine  runs  at  n  revolutions 
per  second  the  number  of  cycles  per  second  through  which  the 

e.m.f.  induced  in  a  coil  will  oscillate  will  be  *-  n  where  /  is  the 

2 

number  of  poles. 

Another  term  which  is  often  used  in  this  connection,  to  which 
we  have  already-  referred,  and  which  should  be  clearly  understood, 
is  'frequency.'  The  frequency  of  a  machine  is  defined  as  the 
number  of  complete  cycles  which  the  e.m.f.  induced  in  a  coil 
passes  through  in  one  second.  The  sign  ~  is  usually  employed  to 
indicate  frequency,  so  that  if  an  e.m.f.  passes  through  25  cycles  in 
one  second  we  may  say  that  the  frequency  is  25  ~.  The  majority 
of  the  machines  at  present  in  use  work  at  from  25  to  50  cycles 
per  second,  and  to  obtain  the  latter  a  coil  on  a  two-pole  machine 
would  have  to  be  driven  at  3000  revolutions  per  minute,  a  speed 
which  is  prohibitive  except  in  the  special  type  of  machine 
which  will  be  described  later,  and  for  this  reason  multipolar 
machines  must  be  used  to  produce  a  practical  frequency. 

Reverting  to  fig.  162,  it  will  be  remembered  that  when  the 
power  to  be  developed  is  considerable  it  is  the  practice  to 
make  the  field  system  the  rotating  part  of  a  machine,  and  the 
figure  illustrates  a  typical  method  of  construction.  A  wheel, 
k,  of  cast  iron  forms  the  frame  of  the  magnet  system,  and  to 
the  rim  of  this  wheel  cast-steel  rings  are  bolted  as  shown  at  g. 
These  steel  rings  form  the  magnetic  yoke  to  which  the  pole 
cores  l  are  bolted  by  means  of  two  screws,  one  of  which  is 
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shown  at  m,  and  by  simply  removing  the  screws  from  each 
pole-core  the  latter  may  be  removed  when  necessary  with  the 
greatest  ease.  The  pole-cores  may  be  laminated  or  cast  solid, 
but  in  the  latter  case  the  pole-shoes  must  be  made  separately 
of  laminated  iron  and  either  dovetailed  into  the  cores  or  bolted 
thereon,  for  it  is  imperative  that  the  shoes  at  least  be  laminated 
in  order  to  keep  the  loss  due  to  eddy  currents  (which,  it  may 
be  mentioned,  the  presence  of  the  armature  teeth  gives  rise 
to)  as  low  as  possible.  In  the  design  illustrated,  the  pole-shoes 
c  are  made  of  laminated  iron,  the  cores  l  being  of  cast  steel. 
Four  bolts  and  two  stiff  end-plates  enable  the  laminations  to  be 
firmly  clamped  together,  and  the  figure  clearly  illustrates  the  dove- 
tailing of  the  shoe  into  the  core. 

The  field  coils  d  are  wound  on  bobbins  and  slipped  on  to  the 
cores  before  they  are  bolted  into  position,  and  it  is  thus  easy  to 
remove  any  coil  for  repairs  without  dismantling  the  machine. 
The  coils  are  all  connected  in  series  and  are  joined  together  so 
that  the  poles  are  alternately  n  and  s,  the  two  ends  of  the  coils 
being  brought  down  to  a  pair  of  slip  rings  r  fixed  on  the  shaft  by 
means  of  which  the  exciting  current  is  led  in.  The  excitation  is 
provided  by  a  direct-current  machine  which  is  usually  mounted  on 
the  alternator  shaft 

In  the  early  history  of  the  manufacture  of  dynamo  machines 
each  manufacturer  had  more  or  less  a  special  and  independent 
design  for  his  machines  ;  but  experience  has  shown  that  the  type 
described  above  is,  in  general  features,  the  most  satisfactory,  and 
this  type  has  consequently  become  standardised. 

A  few  details  concerning  a  three-phase  alternator  constructed 
by  Messrs.  Siemens  Brothers  for  an  output  of  165  kilowatts  will 
doubtless  be  of  interest 

The  machine  was  constructed  with  a  rotating  field  system,  the 
peripheral  speed  of  the  pole-shoes  being  about  8200  feet  per 
minute.  This  may  be  taken  as  a  safe  average  for  the  peripheral 
speed  of  rotating  parts,  and  it  should  not  be  exceeded  without 
exceptional  care  being  taken  in  the  mechanical  design. 

The  bore  of  the  armature  is  42"  and  there  are  96  slots  for  the 
reception  of  the  coils.  The  armature  core  is  built  up  of  lamina- 
tions  0*5  mm.  thick,  and  one  ventilating  duct  is  provided  of 
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Fig.  163 
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f "  width.  The  axial  length  of  the  armature  inclusive  of  the  duct 
*s  7iY'«  The  laminations  are  pasted  on  one  side  with  paper 
0*05  mm.  thick,  which  is  a  sufficient  amount  of  insulation  to 
prevent  the  flow  of  eddy  currents  across  the  laminations.  The 
outside  laminations  are  made  thicker  and  stiffened  with  brass 
fingers  to  prevent  them  spreading  out. 

The  armature  coils  are  made  of  stranded  copper  conductors, 
each  consisting  of  37  strands  of  1*5  mm.  wire  braided  together 
to  form  one  conductor.  Stranded  conductors  have  the  advantage 
that  they  are  much  more  flexible  than  solid  ones,  and  can  there- 
fore be  more  readily  bent  so  as  to  occupy  the  required  positions. 

The  stranding  also  has  the  addi- 
tional advantage  of  diminishing  the 
eddy  currents  which  would  be  pro- 
duced in  a  large  solid  conductor. 
There  are  three  conductors  in  a  slot, 
and  the  winding  for  each  phase  is 
distributed  over  four  slots  per  pole, 
instead  of  all  being  concentrated  in 
one  slot  per  pole.  Thus  for  the 
three  phases  there  are  twelve  slots 
per  pole,  and  since  there  are  eight 
poles,  this  gives  a  total  of  96  slots. 

In  building  this  machine  tubes 

of  presspahn  were  made,  and  the 

coils  were  wound  by  threading  the 

conductors  through  these  tubes  on  a  former  and  then  slipping 

tubes  and  coil  into  position  in  the  slots.     A  cross-section  of  a 

slot  with  the  conductors  is  shown  in  fig.  163. 

It  will  be  seen  that  the  whole  of  the  conductors  are  kept  in 
position  by  a  wooden  or  fibre  wedge  w,  driven  into  grooves  made 
for  the  purpose.  The  total  depth  of  the  slot  is  45  mm.,  and  the 
width  is  15  mm.  The  insulated  width  of  the  conductors  is 
xx*3  mm.,  the  bare  width  10*5  mm.,  and  the  cross-section  is 
square. 

The  rim,  arms  and  boss  of  the  pole  frame  are  of  cast  steel, 
and  the  pole-cores  are  also  of  steel  of  circular  section  and  bolted 
direct  on  to  the  rim.     The  pole-shoes  are   of  laminated  iron 
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riveted  together  and  screwed  on  to  the  pole-core,  and  they  are 
shaped  so  that  the  e.m.f.  wave  is  approximately  a  sine  curve. 

The  field  coils  are  wound  with  bare  copper  strip  of  dimensions 
4'6  mm.  by  2*4  mm.,  and  between  each  turn  there  is  a  layer  of 
paper  for  insulating  purposes.  After  being  wound  the  coils  are 
turned  up  in  the  lathe  and  coated  with  varnish.  The  total 
weight  of  copper  in  the  coils  is  about  470  lb.  The  maximum 
exciting  current  is  30  amperes,  and  the  coils  being  connected  in 
series,  the  two  terminals  are  led  away  to  slip  rings  on  the  shaft  to 
which  the  exciting  current  is  applied. 

The  air-gap  is  10  mm.  and  the  current  per  phase  is  204 
amperes.     The  external  pressure  developed  is  550  volts  between 

55° 
any  two  of  the  three  terminals,  that  is,     ~    or  318  volts  per  phase 

y  3 
between  the  neutral  point  and  each  ring.     Since  there  are  eight 

poles,  and  the  machine  runs  at  750  revolutions  per  minute,  the 
frequency  is  ?j*—  x  -  =  50  cycles  per  second. 

The  castings,  armature  core,  &c,  are  adaptable  in  every  way 
for  a  two-phase  or  single-phase  winding. 

When  the  machine  is  wound  for  single-phase  currents,  part  of 
the  slots  are  left  unwound  because  the  extra  pressure  obtainable 
by  completely  winding  the  slots  for  single  phase  current  would 
be  very  small  in  proportion  to  the  increased  expenditure  of  copper. 
It  is  usual  to  wind  about  two-thirds  of  the  slots  of  a  single-phase 
machine. 

Within  the  last  few  years  the  introduction,  in  a  commercial  and 
highly  efficient  form,  of  the  steam  turbine  in  place  of  the  recipro- 
cating steam  engine  has  caused  a  great  development  in  the  design 
of  dynamo  machines.  It  will  perhaps  be  understood  that  the 
steam  turbine  is  a  purely  rotary  type  of  engine  in  which  steam  by 
impact  upon  properly  shaped  blades  gives  up  its  energy  to  the 
revolving  mass.  The  feature  of  this  type  is  that  the  engine  must 
move  at  a  very  high  velocity  if  it  is  to  be  efficient,  and  it  is  quite 
common  for  a  steam  turbine  to  run  at  3000  revolutions  per 
minute.  Clearly,  then,  if  a  dynamo  is  to  be  coupled  direct  to  a 
steam  turbine  the  combination  must  run  at  a  great  speed,  and 
therefore  extreme  care  must  be  taken  in  designing  the  rotating 
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part  of  the  dynamo  in  order  that  the  centrifugal  forces  may  be 
successfully  withstood,  and  on  this  account  the  rotating  part  is 
generally  of  small  diameter  but  of  comparatively  great  length. 
We  thus  have  a  machine  of  small  dimensions  developing  a  high 
power  with  losses  proportionately  high  in  consequence  of  the 
immense  speed,  and  it  will  be  obvious  that  if  the  machine  is  to 
remain  cool  great  care  must  be  taken  to  dissipate  the  heat  corre- 
sponding to  the  losses — that  is  to  say,  ventilation  must  be  specially 
provided  for  in  machines  of  this  class,  which  are  known  as  turbo- 
generators or  turbo-alternators,  the  former  term  being,  however, 
generally  restricted  to  direct-current  machines.  There  is  another 
feature  which  makes  the  ventilation  in  such  machines  of  special 
importance,  viz.  the  necessity  for  accurately  balancing  the  rotating 
parts,  i.e.  the  rotor,  and  for  a  symmetrical  arrangement  of  the  pro- 
visions for  ventilation.  Of  course,  with  even  slow-running  machines 
it  is  necessary  to  properly  balance  the  structure  in  order  that  a 
uniform  e.m.f.  may  be  produced,  and  to  prevent  mechanical  injury. 
When,  however,  we  have  to  deal  with  high-speed  machines  much 
greater  precautions  are  obligatory,  because  even  a  little  inequality 
may  result  in  dangerous  vibrations,  and  this  want  of  uniformity  in 
the  balance  may  be  caused  by  an  inequality  in  the  cooling  of  the 
machine.  The  temperature  at  which  high-speed  machines  are 
worked  is  higher  than  in  the  case  of  slow-speed  machines,  and 
insufficient  ventilation  can,  therefore,  be  readily  imagined  as  a 
possible  cause  of  defective  balancing.  In  fact,  cases  have  been 
known  in  which  a  machine  which  was  perfectly  balanced  at  no 
load  became  unbalanced  at  full  load.  The  insulation  may  also 
be  affected  by  inequality  in  the  heating  of  the  parts,  and  many 
materials  which  are  suitable  for  low-speed  machines  are  altogether 
inadequate  in  turbo-machines. 

Perhaps  the  clearest  way  of  describing  the  special  features  of 
a  turbo-alternator  will  be  to  take  an  actual  example  and  to  discuss 
the  various  points  as  they  present  themselves. 

In  fig.  164  a  3000  kilowatt  three-phase  turbo -alternator,  as 
built  by  Messrs.  Dick,  Kerr  &  Co.,  is  illustrated  in  elevation  and 
cross-section.  As  is  always  the  case  with  turbo-alternators  the 
field  system  rotates,  for  reasons  which  have  already  been  in- 
dicated.    We  will  first  examine  the  field  system,  which  presents 
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novel  and  interesting  points  of  construction.  A  solid  steel  casting 
a,  having  four  long  polar  projections,  is  bored  out  to  a  larger 
diameter  than  the  shaft,  so  that  there  is  an  annular  space  h 
between  the  shaft  and  casting.  Two  steel  cross-pieces  b  are 
keyed  on  the  shaft  G  and  hold  the  casting  a  in  position  by  means 
of  bolts.  The  cross-pieces  b  have  four  holes  as  shown  at  k,  which 
admit  the  air  to  the  annular  space  h,  and  thus  there  is  a  clear 
passage  from  end  to  end  of  the  shaft.  The  polar  projections  a 
are  drilled  radially,  as  at  l,  right  through  to  the  air  chamber  h. 
The  pole-shoes  are  laminated  and  built  up  in  sections,  each 
section  being  separated  from  the  neighbouring  ones  by  ventilating 
ducts  which  are  arranged  opposite  the  radial  holes  l.  Each  set 
of  laminations  is  held  together  by  five  bolts,  and  there  are  two 
longitudinal  holes  in  each  pole- shoe  running  parallel  to  the  shaft 
and  which  also  assist  in  the  ventilation.  It  will  thus  be  seen  that 
special  care  has  been  taken  to  render  the  ventilation  efficient. 
Massive  brass  end-pieces,  c,  bolted  to  the  laminations  keep  them 
from  spreading  out,  distance  pieces  being,  of  course,  fitted  in  the 
ventilating  ducts.  The  laminations  are  dovetailed  into  the  casting 
a,  and  the  end-pieces  are  dovetailed  into  b,  longitudinal  move- 
ment being  prevented  by  small  screws. 

The  pole-shoe  faces  are  not  concentric  with  the  armature  bore, 
but  are  struck  with  a  smaller  radius  in  order  that  the  flux  distribu- 
tion on  the  armature  surface  may  approximate  to  a  sine  wave  more 
closely  than  would  be  the  case  if  the  pole-shoe  face  were  actually 
concentric  with  the  armature  bore.  The  field  coils  e  are  of  solid 
copper  strip  wound  edgewise,  and  the  turns  are  insulated  by 
means  of  paper  and  mica.  The  coils  are  supported  on  special 
copper  bobbins,  which  are  then  slipped  on  to  the  pole-cores  and 
held  in  position  by  the  pole-shoes.  The  brackets  f  are  of 
interest.  These  are  intended  to  keep  the  coils  from  spreading 
out  as  a  result  of  the  centrifugal  force  component  in  the  plane  of 
the  coil.  The  centrifugal  force  at  any  part  of  the  coil  is,  of  course, 
radial,  and  has  components  respectively  perpendicular  and  parallel 
to  the  plane  of  the  coil ;  the  former  component  is  counteracted  by 
the  pressure  on  the  pole-shoe,  and  the  latter  by  the  brackets  f. 

The  completed  field  system  is  shown  in  fig.  165,  and  an 
inspection  of  this  will  help  to  make  the  various  points  clear. 
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The  small  armature  T  shown  at  the  end  of  the  shaft  is  the  moving 
part  of  the  direct-current  dynamo  which  provides  the  current  for 
exciting  the  field-magnets  of  the  turbo-alternator. 

The  field  coils  after  being  assembled  and  connected  up  are 
coated  on  the  outside  surface  with  a  special  varnish  which  is  both 
oil-proof  and  water-proof.  The  terminals  are  brought  down  to 
the  two  collector  rings  of  manganese  bronze  which  are  fitted  on 
to  the  end  of  the  shaft  near  the  exciter,  and  the  connections  of 
the  leads  to  the  collector  rings  are  protected  by  a  cap,  s  (fig.  164), 
which  is  easily  removable  for  inspection  when  necessary. 


The  armature  core  discs  are  dovetailed  into  a  cast-iron  frame 
as  shown  in  fig.  164,  and  ventilating  ducts  are  provided  opposite 
those  in  the  pole-shoes.  The  frame  is  perforated,  and  there  is 
thus  a  free  passage  for  the  air  from  the  annular  space  round  the 
shaft,  right  through  the  body  of  the  field  system,  and  thence 
through  the  ventilating  ducts  in  the  armature  core  to  the  outside 
of  the  frame. 

Massive  end-plates,  pp(fig.  164),  stiffen  the  ends  of  the  armature 
core,  and  by  means  of  the  bolts  y  the  whole  are  clamped  firmly 
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together,  stiffening  fingers  being  placed  at  regular  intervals  in  the 
armature  core  ducts  as  shown  in  the  transverse  section. 

The  armature  winding  is  distributed  in  slots  stamped  in  the 
armature  core,  and  an  examination  of  figs.  164  and  166  (the 
latter  of  which  illustrates  the  complete  stator)  shows  that  the  coils 


for  each  phase  are  wound  in  four  slots  per  pole_ 
there  are  twelve  slots  per  pole  for  the  three  phasesT  is  to  sav 

slots  in  all.      The  windings  are  connected  in  star  fall?*  f°ny  eisht 
three  terminal  conductors  are  brought  through  p0r        °n>  anri  th 

The  overhanging  ends  of  the  armature  coi\s  a  Ce'ait*  tuK 
the  brackets  N  (fig.  164),  which  are  screwed  Qn  ^  auP&orS'b 
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end-plates  p  p,  the  whole  being  protected  by  perforated  shields 
which  are  also  held  in  position  by  the  elongated  bolts  Q  already 
referred  to. 

Messrs.  Brown,  fioveri  &  Co.  make  the  rotating  field  system 
in  their  turbo -alternators  cylindrical,  and  the  field  coils  are 
wound  in  slots  in  an  iron  core  in  a  manner  similar  to  that  in 
which  armature  coils  are  wound.     A  diagrammatic  sketch  of  the 


development  of  such  a  rotor  is  given  in  fig.  167,  in  which  s  N 
8cc.  represent  the  polarities  developed  by  the  current  circulating 
in  the  coils,  of  which  the  heavy  lines  represent  the  straight 
sections  embedded  in  the  slots.  For  smalt  machines  the  field 
core  is  made  in  the  first  place  solid,  and  the  longitudinal 
slots  for  the  reception  of  the  coilsare  milled  out,  not,  however, 


over  the  complete  circumference  of  the  core,  but  only  in  those 
portions  in  which  the  coil  sides  are  to  be  placed,  no  grooves 
being  made  in  the  parts  forming  the  actual  poles.  Peripheral 
grooves  are  also  turned  in  the  core  in  order  that  the  ventilation 
of  the  copper  and  iron  masses  may  be  as  complete  as  possible. 
Fig.  168  shows  the  completed  field  system  of  a  turbo-altemator 
for  small  outputs.      The  gunmetal  caps  which  can  be  seen  at  each 
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end  of  the  core  serve  to  keep  the  ends  of  the  winding  from  flying 
out  under  the  centrifugal  forces,  and  it  is  noteworthy  that  the 
strength  of  these  caps  sets  a  limit  to  the  peripheral  speed  attain- 
able, for  as  a  matter  of  fact  it  is  sometimes  necessary  to  use 
nickel  steel  (of  low  magnetic  quality),  instead  of  gunmetal,  in 
order  to  procure  the  necessary  strength. 

When  the  machine  is  of  a  large  size  the  core  is  built  up  of 
steel  plates  which  are  placed  on  a  grooved  steel  hub  and  held  in 
position  by  keys  and  end-plates.  The  grooves  on  the  hub  allow 
currents  of  air  to  pass  through  and  to  divide  radially  into  the 
peripheral  grooves,  thus  effectively  cooling  the  winding  and  core. 


In  figs.  169  and  170  such  a  field  system  is  shown  in  two 
stages— (a)  the  hub  and  core  without  the  winding  ;  and  (0)  the 
hub  and  core  with  the  winding  in  position  and  with  the  end 
caps  removed. 

In  many  cases  the  output  demanded  from  a  dynamo  varies 
considerably  at  different  times.  For  instance,  four  times  as  much 
power  may  be  required  to  supply  lamps  at  one  time  as  at  another. 
It  is  not  economical  to  use  one  large  machine,  capable  of  meeting 
the  maximum  demand,  and  run  it  to  give  a  small  output  at  other 
times  ;  but,  fortunately,  it  is  possible  to  join  up  two  (or  even  more) 
alternating-current  dynamos  so  as  to  feed  the  same  circuit  simul- 
taneously when  required,  switching  out  and  stopping  one  when 
the  other  is  able  to  meet  the  low  demand. 
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The  armatures  must  not  be  joined  up  in  series,  but  in  parallel, 
and  the  machines  may  be  driven  by  belts  from  the  same  shafting, 
or,  if  necessary,  from  independent  engines  running  at  about  equal 
speeds.  In  practice  the  latter  course  is  usually  adopted,  since  it 
is  uneconomical  to  employ  a  large  engine  to  develop  the  power 
required  by  a  small  machine,  which  would  be  the  case  at  periods 
of  light  load  if  two  or  more  machines  were  driven  from  a  common 
countershaft  driven  in  its  turn  by  a  single  large  engine. 

But  parallel  working  is  only  practicable  when  in  both  machines 
the  rates  of  alternation  are  equal,  and  the  alternations  'co-phasal ' — 


that  is,  when  their  maximum  and  likewise  their  minimum  e.m.f.'s 
occur  simultaneously.  It  is  most  remarkable  that  well-designed 
machines  can  correct  each  other  and  maintain  this  synchronism, 
but,  as  a  most  important  part  of  the  interaction  depends  upon 
the  '  motor '  properties  of  a  dynamo,  further  consideration  of 
the  question  must  be  deferred  until  electric  motors  have  been 
dealt  with. 

The  dynamo -electric  machines  which  we  have  described  in 
the  preceding  pages,  although  differing  in  detail,  all  have  one 
feature  in  common — namely,  that  a  coil  or  coils  of  wire  wound 
on  an  iron  core  are  made  to  rotate,  and  so  give  rise  to  the  cutting 
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of  lines  of  force  by  a  moving  conductor,  or  the  cutting  of  a 
stationary  conductor  by  lines  of  force,  in  order  to  produce  the 
required  electro- motive  force. 

There  is  another  class  of  machine  in  which  both  the  armature 
coils  and  the  field-magnet  coils  are  stationary,  the  cutting  of  the 
armature  conductor  by  the  lines  of  force  set  up  by  the  field- 
magnet  being  effected  by  moving  masses  of  iron  in  such  a  manner 
that  first  a  very  good  and  then  a  very  bad  magnetic  circuit  are 
alternately  set  up  through  the  field-magnet  and  armature  coils. 
There  are  several  advantages  possessed  by  this  type  of  machine. 
The  only  moving  part  of  the  apparatus  is  a  mass  of  iron  which,  if 
truly  balanced,  can  be  rotated  at  a  high  speed  without  involving 


any  mechanical  difficulties,  such  as  arise  when  it  is  necessary  to 
similarly  rotate  a  complicated  mass  consisting  of  iron,  copper 
wire,  and  various  insulating  materials  ;  and,  further,  since  all  the 
coils  are  stationary,  reliable  connection  with  the  external  circuit 
becomes  an  extremely  easy  matter. 

Such  machines  are  generally  called  'inductor  alternators,'  and 
one  of  the  earliest  was  designed  by  Mr.  J.  A.  Kingdon,  the  prin- 
ciple of  which  will  be  gathered  from  fig.  171.  The  outer  iron 
ring,  which  is  stationary,  has  inwardly  projecting  pole-pieces 
which  are  wound  alternately  with  armature  and  field -magnet 
coils.  The  armature  cores  are  lettered  a,  and  the  dotted  line 
indicates  the  manner  in  which  the  coils  are  wound  round  them  ; 
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the  field-magnet  cores,  which  alternate  in  polarity,  are  lettered 
n  s,  and  the  winding  of  these  coils  is  indicated  by  the  full  line 
with  arrow-heads  to  indicate  the  direction  of  the  exciting  current 
A  steady  current  is  maintained  through  the  field-magnet  coils, 
and  the  lines  of  force  thus  set  up  are  changed  in  position  and 
made  to  cut  the  armature  coils  by  passing  the  masses  of  iron  b 
in  front  of  the  pole-faces.  These  masses  of  iron,  which  are 
carried  on  a  circular  non-magnetic  framework,  are  laminated  to 
avoid  eddy  currents,  and  they  are  rotated  at  the  necessary  speed 
to  produce  the  desired  rate  of  alternation  or  periodicity.  When 
they  arrive  in  the  position  shown  in  the  figure,  the  maximum 
number  of  lines  passes  from  the  adjacent  field-magnet  pole 
through  each  armature  coil,  and  the  e.m.f.  is  zero.  As  each 
mass  or  keeper  b  moves  onward  the  air-gap  increases  and  the 
number  of  lines  of  force  threading  an  armature  coil  due  to,  say,  a 
s  pole  is  lessened  ;  moreover,  lines  of  force  now  begin  to  thread 
through  the  armature  in  the  opposite  direction  from  the  n  pole- 
piece  which  the  keeper  is  approaching.  The  effective  number  is 
a  minimum  and  the  e.m.f.  a  maximum  when  the  middle  of  each 
mass  b  is  directly  opposite  the  middle  of  an  armature  coil, 
because  then  two  sets  of  lines  of  force  equal  in  number  but 
opposite  in  direction  are  passing  through  the  armature  coil,  and 
when  the  magnetic  circuit  is  again  completed  to  the  fullest  extent 
the  e.m.f.  again  falls  to  zero,  each  armature  coil  once  more 
having  the  maximum  number  of  lines  of  force  projected  through 
it,  but  in  the  opposite  direction. 

The  principle  thus  involved  is  very  interesting  and  may  be 
applied  in  a  variety  of  ways.  In  some  instances  the  armature 
and  field-magnet  coils  consist  of  two  concentric  coils  of  wire,  as 
indicated  in  fig.  172,  in  which  the  field-magnet  coil  is  the  inner 
one,  shown  in  section  at  f  f,  and  the  armature  coil  is  the  outer 
one,  shown  in  section  at  a  a.  b  is  a  U-shaped  mass  of  iron  which 
embraces  both  the  armature  and  field  coils  on  three  sides  ;  while 
h  is  a  similar  piece  (equal  in  cross-section  but  having  shorter 
limbs),  which  embraces  the  field  coil  only,  the  armature  coil  being 
placed  outside  its  yoke,  p  is  a  mass  of  iron  or  a  keeper  carried 
by  the  shaft,  s,  which  can  be  rotated  rapidly,  the  shaft  being  at 
the  centre  of  the  two  circular  coils,  f  f  and  a  a. 
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If  a  powerful  steady  current  is  sent  through  the  field  coil  F  F, 
a  large  number  of  lines  of  force  will  be  developed  and  their 
arrangement  will  largely  depend  upon  the  iron  pieces  h  and  B, 
but  more  especially  upon  the  position  of  the  keeper  P  with  respect 
to  h  and  b. 

When  p  is  situated  as  shown  in  the  figure  it  forms  with  b  an 
almost  complete  magnetic  circuit  of  low  magnetic  resistance  round 
both  coils  a  and  f,  and  nearly  r,r  1M 

the  whole  of  the  lines  generated 
by  the  field  coil  in  the  vicinity  of 
this  iron  circuit  will  also  embrace 
the  armature  coil.  In  springing 
into  this  position  (shown  by  the 
dotted  line)  the  lines  of  force 
cut  the  armature  coil  transversely 
from  the  inner  side,  and  give 
rise  to  a  current,  depending  in 
f-m.f.  upon  the  number  of  lines 
and  the  rapidity  with  which  their 
position  is  changed.  When  the 
keeper  is  moved  away  there  is 
a  considerable  air-gap  offering  { 
a  high  magnetic  resistance  at  the 
ends  of  the  limbs  of  b,  and  con- 
sequently many  of  the  lines  of 
force  collapse  upon  the  coil  f, 
cutting  the  armature  from  the 
outside  as  they  pass  into  their 
new  positions  and  generating  an 
f-m.f.  in  the  opposite  direction 
to  the  previous  one.  Not  only  is  the  magnetic  resistance  of 
the  path  round  the  two  coils  made  greater  by  the  removal 
of  p  from  the  position  indicated  in  the  figure,  but  as  p  rotates 
it  reaches  a  position  where  it  acts  as  a  keeper  to  the  iron 
piece  h,  which  embraces  the  field  coil  only,  so  that  an  almost 
complete  magnetic  circuit  is  then  formed  round  the  field  coil,  and 
nearly  the  whole  of  the  lines  of  force  pass  through  h  and  p  and 
very  few  extend  round  a.     Therefore,  if  the  keeper  p  is  rapidly 


344  Electrical  Engineering  chap,  vm 

rotated,  the  armature  coil  will  be  cut  by  a  number  of  lines  of 
force  as  they  take  up  new  positions,  first  outside  and  then  inside 
it.  It  is  evident,  however,  that  with  such  a  simple  arrangement 
as  that  shown  in  fig.  172,  not  only  would  it  be  impracticable  to 
obtain  a  high  rate  of  alternation,  but  it  would  be  impossible  to 
make  all  the  lines  of  force  developed  by  the  field  core  take  either 
the  one  path  or  the  other,  many  of  those  surrounding  the  coil 
at  a  distance  from  the  fixed  iron  pieces  being  but  little  affected 
by  the  movement  of  the  keeper;  but  it  would  evidently  be  an 
easy  matter  to  increase  the  number  of  pieces  of  iron,  and  so 
dispose  them  that  most  of  the  lines  of  force  would  be  influenced. 

A  number  of  machines  have  been  designed  and  constructed 
upon  the  principles  thus  set  forth  or  upon  modifications  thereof, 
but  among  them  the  alternator  designed  by  Mr.  V.  A.  Fynn 
deserves  attention,  for  although  of  an  early  date,  the  most 
modern  machines  only  differ  from  it  in  matters  of  detail.  This 
machine  presents  several  interesting  points  in  design,  and,  what  is 
often  of  great  importance,  runs  practically  noiselessly.  The  loud 
humming  noise  often  set  up  by  an  alternating-current  machine 
is  chiefly  caused  by  the  vibration  of  certain  parts  (principally 
the  laminated  iron  cores  or  pole-pieces),  abrupt  changes  in  the 
magnetic  induction  in  certain  parts  of  the  magnetic  circuit, 
and  the  churning  of  the  air.  In  the  Fynn  alternator  special 
attention  has  been  paid  to  these  three  points,  and  the  thin  iron 
sheets  forming  the  pole-pieces  and  the  armature  cores  are  so 
rigidly  fixed  that  even  their  extreme  ends  cannot  vibrate  ;  the 
pole-pieces  and  edges  of  the  slots  in  the  armature  core  are  so 
shaped  that  the  lines  of  force  'tail  00"'  gradually,  thus  avoiding 
sudden  changes  in  the  magnetic  induction;  while  the  moving 
part  of  the  machine  is  of  such  a  shape  that  it  acts  like  a  fan  and 
maintains  a  comparatively  steady  draught  of  air  through  those 
parts  of  the  machine  which  are  liable  to  rise  in  temperature, 
instead  of  simply  churning  up  the  air. 

The  machine  is  of  the  inductor  type,  the  armature  being 
fixed  and  placed  outside  the  field-magnet;  the  field-magnet  is 
magnetised  by  a  single  coil  which  is  also  fixed,  so  that  no  brushes 
or  sliding  contacts  are  required  to  make  connection  either  with 
the  armature  or  field-magnet  coil,  the   moving  part  consisting 
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solely  of  suitably  disposed  masses  of  mild  steel  and  soft  iron 
rotating  inside  the  armature. 

The  particular  machine  to  which  we  refer  has  an  output  of  125 
kilowatts  when  driven  at  375  revolutions  per  minute,  the  potential 
difference  at  the  terminals  being  2200  volts,  and  the  rate  of  alter- 
nation 50  cycles  per  second.  The  field-magnet  is  excited  by  a 
small  direct -current  machine  fixed  upon  an  extension  of  the  bed- 
plate and  driven  from  the  same  shaft  as  the  alternator.  A  general 
view  of  the  alternator  with  its  exciter  is  shown  in  fig.  173. 


When  the  alternator  is  on  open  circuit  the  full  potential 
difference  at  the  terminals  is  obtained  with  a  current  of  20'$ 
amperes  through  the  field-magnet  coil,  and  this  current  needs  to 
be  increased  only  to  33-6  amperes  to  enable  the  machine  to  give 
its  full-load  current.  As  a  matter  of  fact,  at  full  load  the  power 
spent  in  the  field-magnet  coil  is  about  0*55  per  cent,  of  the 
full  output  of  the  machine.  A  series  of  tests  made  upon  this 
machine  showed  that  it  possesses  good  regulating  properties, 
as  when  driven  at  a  constant  speed  with  a  constant  exciting 
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current,  the  drop  in  potential  at  the  terminals  between  no  load 
and  full  load  was  100  volts,  or  4^5  per  cent  of  the  maximum 
pressure.  When  the  machine  was  overloaded  up  to  a  total  of 
r 75  kilowatts  the  drop  was  190  volts,  or  8'6  per  cent  of  the 
maximum  voltage. 

The  outer  framework  of  the  armature  is  of  cast  iron,  in  two 
pieces,  and  it  holds  rigidly  in  position  the  laminated  armature 
core,  which  consists  of  a  large  number  of  thin  soft-iron  sheets 
insulated  with  paper  and  projecting  inwards.  These  laminated 
core-plates  project  inwards  about  one  inch  clear  of  the  edges 
of  the  cast-iron  framework;  but,  as  they  are  clamped  between 
quarter-inch  wrought-iron  plates,  even    their  free  ends  are  held 


rigidly  in  position  and  vibration  is  prevented.  At  sixteen  points 
round  the  inner  circumference  the  core-plates  are  slotted  out  to 
receive  the  armature  coils,  corresponding  openings  being  left  in 
the  cast-iron  framework.  A  section  through  the  upper  part  of  the 
armature  is  shown  in  fig.  174,  from  which  it  will  be  observed  that 
the  core-plates  are  not  continuous  in  a  direction  parallel  to  the 
armature  shaft,  but  that  they  are  divided  into  two  distinct  sections, 
separated  by  a  considerable  air  space  inwards,  but  magnetically 
yoked  together  on  the  outer  circumference  by  the  cast-iron  frame- 
work. The  reason  for  this  will  be  apparent  presently,  when  the 
relative  positions  of  the  field -magnet  pole-pieces  have  been 
described.  The  armature  winding  offers  a  resistance  of  slightly 
over  a  quarter  of  an  ohm,  and  it  consists  of  sixty-one  No.  20 
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standard  wire-gauge  copper  wires  stranded  together  and  effectively 
insulated  with  two  layers  of  cotton  braided  over  and  treated  with 
shellac  varnish.  There  are  eight  coils,  rectangular  in  shape,  sym- 
metrically placed  round  the  inner  circumference  of  the  armature, 
the  whole  of  the  coils  being  joined  in  series.  Each  of  the  two 
longer  or  active  limbs  of  the  armature  coil  (that  is  to  say,  the 
two  limbs  parallel  to  the  driving  shaft)  is  wound  in  a  special 
insulating  tube  t,  and  the  tube  with  the  coil  is  held  in  position  by 
a  hardwood  strip  driven  inside  the  edges  of  the  opening.  The 
shorter  limbs  of  the  rectangular  coils  which  stand  out  clear  of  the 
framework  and  the  paper  tube  are  heavily  insulated  with  prepared 
tape,  rubber,  and  shellac  varnish. 

A  section  of  the  field-magnet  with  the  stationary  coil  c  is 
shown  in  fig.  175.  There  are  eight  pole-pieces  on  each  side  of 
the  coil,  and  the  lines  of  force  thus  set  up  by  the  exciting  current 
make  all  the  pole-pieces  on  one  side  of  the  coil  (say  at  b)  of  south 
polarity,  and  all  on  the  other  side  (say  at  a)  of  north  polarity. 
The  two  sets  of  pole-pieces  are  not,  however,  placed  symmetrically 
opposite  each  other,  but  are  '  staggered ' — that  is  to  say,  the  left- 
hand  set  of  pole-pieces  is  fixed  22^°  ahead  of  the  right-hand  set, 
so  that  every  north  pole  on  the  one  side  comes  exactly  midway 
between  two  south  poles  on  the  other  side.  This  is  indicated  by 
the  section  shown  in  fig.  175. 

The  manner  in  which  the  direction  of  the  lines  of  force  is 
reversed  simultaneously  through  all  of  the  armature  coils  will  be 
gathered  from  the  diagram,  fig.  176.  The  pole-pieces  of  south 
polarity  are  shown  immediately  under  the  armature  coils,  and 
when  these  pole-pieces  are  exactly  opposite  the  middle  of  the  coils 
the  pole-pieces  on  the  other  side  of  the  field- magnet — viz.  those 
of  north  polarity — come  midway  between  adjacent  coils,  the  spaces 
between  the  coils  being  exactly  equal  to  their  width  (see  fig.  173). 
In  this  position,  lines  of  force  pass  upward  from  the  north  poles 
of  the  field-magnet  into  those  parts  of  the  armature  core  not 
encircled  by  wire,  across  the  cast-iron  framework,  and  then  down 
through  the  armature  coils  into  the  south  poles  of  the  field-magnet. 
When  the  field-magnet  has  rotated  through  an  angle  of  22^°  from 
this  position,  all  the  north  poles  are  directly  under  the  coils  (at 
the  opposite  end),  while  the  south  poles  are  then  under  the  spaces 
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between  adjacent  coils,  so  that  the  lines  of  force  due  to  the  field- 
magnet  now  pass  through  the  armature  coils  in  the  reverse  direc- 
tion, and  this  reversal  takes  place  periodically  as  the  field-magnet  is 
continuously  rotated.     It  should  be  noted  that,  although  the  lines 


of  force  are  reversed  through  the  armature  coils,  they  are  not 
reversed  through  the  armature  core  or  any  part  of  the  iron.  This 
happens  because  the  poles  passing  any  given  part  of  the  armature 
core  are  always  of  the  same  polarity,  and  the  lines  of  force  through 
the  iron  thus  simply  rise  to  a  maximum  and  fall  to  a  minimum. 
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The  air-gap  between  the  pole-pieces  and  the  armature  core  is 
very  small,  and  this,  added  to  the  fact  that  the  induction  through 
the  field- magnet  poles  is  not  high,  tends  to  prevent  the  lines  of 
force  spreading  from  the  poles  and  leaking  into  parts  of  the 
machine  where  they  could  not  act  effectively.  A  small  air-gap, 
however,  also  allows  the  lines  of  force  set  up  by  the  current  in  the 
armature  to  pass  readily  through  the  field- magnets,  and  as  these 
lines  are  generally  in  a  direction  opposite  to  those  of  the  field 
proper,  they  tend  to  weaken  the  field  and  so  reduce  the  e.m.f. 
developed.  This  reaction  of  the  armature  on  the  field-magnet  is 
greatest  when  the  armature  current  is  greatest,  and  hence  causes 

Fig.  176 
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the  e.m.f.  to  fall  off  when  the  load  increases ;  or,  in  other  words, 
a  machine  of  this  description  with  a  small  air-gap  generally 
regulates  badly.  In  the  Fynn  machine  the  resistance  of  the 
magnetic  circuit  through  the  field-magnet  is  increased  and  the 
reaction  of  the  armature  diminished,  not  by  increasing  the  air- 
gap  at  the  pole-faces,  but  by  introducing  a  gap  of  about  an 
eighth  of  an  inch  across  the  core  which  yokes  the  two  sets  of 
magnet-poles  together,  as  already  explained.  This  of  course 
entails  an  addition  to  the  ampere  turns  required  to  magnetise 
the  field-magnet,  but  it  enables  the  advantages  attending  the  small 
air-gap  between  the  magnet  and  the  armature  to  be  retained 
without  reducing  the  self-regulating  capabilities  of  the  machine. 
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CHAPTER    IX 

DYNAMO-ELECTRIC   MACHINES    (DIRECT   CURRENT) 

Although  the  sphere  of  usefulness  for  alternating-current 
dynamos  has  largely  increased  of  late  years,  there  is  still  a  vast 
amount  of  work  which  such  machines  are  wholly  incompetent  to 
perform.  This  is  notably  the  case  in  connection  with  the  de- 
position of  metals  by  electricity,  and  in  the  *  charging '  of  secondary 
batteries.  For  these,  and  several  other  important  purposes,  it  is 
essential  that  the  currents  should  be  continuous,  and  flow  in  one 
direction  only.  Except  in  the  case  of  a  few  experimental  machines, 
the  current  which  is  generated  in  the  armature  always  alternates 
in  direction ;  but  it  is  possible  to  arrange  matters  so  that  all  the 
currents  so  generated  shall  be  made  to  flow  in  one  direction  in 
the  external  circuity  the  process  being  known  as  '  commutation,' 
and  the  part  of  the  machine  by  which  the  alteration  is  effected 
is  termed  the  'commutator.'  Directly  this  has  been  successfully 
performed,  the  dynamo  is  capable  of  a  new  and  important 
development,  for  it  is  then  possible  to  use  all  or  a  part  of  the 
current  which  is  generated  in  the  armature,  for  the  purpose  of 
magnetising  the  field- magnets.  The  smaller  auxiliary  machine, 
which,  in  most  of  the  dynamos  previously  described,  is  employed 
to  excite  the  field-magnets,  can  consequently  be  dispensed  with, 
and  the  machine  made  '  self-exciting.' 

We  come  then  to  the  consideration  of  the  means  to  be  em- 
ployed in  order  that  the  currents  which  are  generated  in  alternate 
directions  in  the  armature  itself  can  be  commutated  so  as  to 
flow  in  one  direction  in  the  external  circuit  Referring  again  to 
fig.  1 38,  we  remember  that  the  direction  of  the  current  is  unaltered 
(although  it  varies  in  e.m.f.,  and  therefore  also  in  strength)  during 
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the  first  half-revolution  of  the  rectangle,  and  that,  at  the  end  of 

that  half-revolution,  the  reversal  in  direction  takes  place.     Now, 

a  moment's  reflection  will  show  that  if,  just  at  the  end  of  this  first 

half-revolution,  the  positions  of  the  two  brushes  on  their  respective 

rings   were  instantaneously  interchanged,  the  current  generated 

during  the  second  half  of  the  revolution  would  flow  in  the  same 

direction  round  the  external  circuit  as 

the    preceding  current  did,   because, 

although  really  generated  in  the  reverse 

direction,  it  is  entering  the  external 

circuit  at  the  other  end.     This  is  the 

fundamental  principle  of  commutation ; 

only,  instead  of  shifting  the  brushes, 

the    change   is  effected    at    the    right 

moment  by  a  modification  of  the  ring 

or  rings  against  which  the  brushes  press. 

The  simplest  possible  form  of  commutator  is  shown  in  section 

in  fig.  177.  Instead  of  two  brass  rings,  a  single  brass  ring  or  tube 
is  employed,  but  with  the  difference  that  it  is  split  lengthways 
into  two  halves  or  segments,  a  />,  insulated  one  from  the  other. 
Bach  end  of  the  rotating  coil  of  wire  is  connected  to  one  of  these 
segments,  and  the  brushes  or  flat  springs  (which  are  permanently 
connected  one  to  each  Fie  i7s 

end  of  the  external 
circuit)  are  so  situated 
that  they  press  upon 
the  insulating  divisions 
between  the  segments 
at  the  moment  that  the 
coil  is  in  the  vertical 
position— that  is  to  say, 
in  the  position  where 
the  reversal  of  the  cur- 
rent takes  place.  Just  at 
that  moment,  then,  the 
ends  of  the  cdil  in  contact  with  the  respective  brushes  are  also 
reversed,  and  the  result  is  that  when  the  coil  is  rotated  uniformly, 
a  succession  of  short  currents  passes  through  the  external  circuit, 
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each  current  rising  and  falling  similarly,  but  all  impelled  through 
the  external  circuit  in  the  same  direction. 

This  will  be  rendered  more  clear  by  a  reference  to  fig.  178, 
where  a  coil  consisting  of  a  single  rectangular  convolution  is 
shown  with  its  ends  connected  to  the  commutator  sections  or 
1  segments.'  It  is  evident  that  the  length  of  the  wire  can  easily 
be  increased  by  winding  it  in  a  number  of  convolutions,  instead 
of  in  a  single  rectangle,  when,  as  a  matter  of  course,  the  e.m.f. 
will  be  increased  proportionately. 

The  variation  in  the  e.m.f.  developed  by  an  ideal  alternating- 
current  dynamo  is  shown  in  fig.  143,  where  the  line  a  b  represents 
the  normal  or  zero  potential,  the  curves  above  it  indicating  the 
gradual  rise  and  fall  of,  say,  the  positive  potential,  and  those  below 
it  the  opposite,  or  negative  potential. 

Fig.  179  exhibits,  in  a  simple  manner,  the  result  of  replacing 
the  two  metal  rings  by  a  split  tube,  or  simple  two-part  commutator 
(assuming  the  distance  between  the  two  parts  to  be  very  small). 

Fig.  179 


a  b  again  indicates  the  zero  potential,  and  the  curve  a  c  d  the 
varying  potential  developed  during  the  first  half-revolution ;  but, 
instead  of  the  second  half-revolution  developing  in  the  external 
circuit  a  negative  potential,  it  is  commutated  into  an  external 
positive  one,  d  e  f,  so  that  a  series  of  currents,  each  of  brief  dura- 
tion, is  urged  through  the  external  circuit  in  one  common  direction. 
The  total  amount  of  electrical  energy  developed  is,  however,  the 
same  as  before,  although  the  potential  and  therefore  also  the 
current  strength  oscillate  between  zero  and  the  maximum. 

A  current  varying  so  much  in  strength  is  of  almost  as  little 
service  for  many  purposes  as  an  alternating  current ;  for,  in 
most  cases,  the  current  is  required  to  be  not  only  uniform  in 
direction,  but  also  constant  in  strength. 
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The  methods  by  which  an  almost  steady  current  can  be  ob- 
tained will  be  understood  more  easily  when  studied  in  connection 
with  an  armature  constructed  of  coils  wound  on  a  somewhat 
different  system.  In  fig.  180,  a  b  indicates  the  axis  of  rotation, 
and  /  q  r  s  a  single  loop  of  wire  which  travels  round  the  circular 
path  indicated  by  the  dotted  circle,  it  being  assumed  that  a  uniform 
field  is  maintained  throughout  the  whole  of  the  space  traversed  by 
the  wire.  If  we  suppose  the  lines  of  force  of  the  field  to  be  in  the 
direction  of  e  /,  along,  or  parallel  to,  a  diameter  of  this  circular 
path,  then  they  will  be  cut  by  the  coil  in  a  manner  somewhat 

Fig.  180 
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similar  to  that  of  the  rectangular  coil  which  we  have  previously 
considered.  The  movement  from  the  vertical  position  through 
the  first  half-revolution  produces  a  current  which  rises  to  a  maxi- 
mum when  the  coil  has  turned  through  an  angle  of  900,  and  falls 
to  zero  again  when  the  coil  reaches  1800,  while  the  current 
generated  in  the  next  half-revolution  is  exactly  equal  in  strength, 
at  corresponding  positions,  though  opposite  in  direction ;  but  it 
can  be  commutated  in  precisely  the  same  way  as  in  the  case  of 
the  ordinary  rectangular  coil,  illustrated  in  fig.  178. 

There  is,   however,   one   great   difference   between  the  two 
methods.     No  portion  of  the  coil  shown  in  fig.  178  acts  prejudi- 

A  A 
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daily,  although  the  portions  connecting  the  horizontal  limbs  are 
always  idle,  inasmuch  as  they  do  not  cut,  but  only  slide  through, 
the  lines  of  force.  With  the  coil  shown  in  fig.  180  the  case  is 
different  There  are  still  two  idle  connecting  lengths,  /  r  and 
q  s,  but  the  e.m.f.  induced  in  the  two  horizontal  limbs/  q  and  r  s 
is  in  the  same  direction  in  each — say  from  p  to  q  and  from  r  to  s 
— because  they  always  cut  the  lines  in  a  similar  sense,  although 
at  different  rates  ;  they  therefore  act  in  opposition  to  each  other, 
each  developing  an  e.m.f.  which  strives  to  set  up  a  current  in  the 
opposite  direction  to  the  other  round  the  coil.  But  the  outer 
limb  /  q  traverses  a  greater  portion  of  the  field  than  does  r  s,  and 
consequently  it  cuts  lines  of  force  at  a  greater  speed  than  does  r  s, 

Fig.  181 
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whence  the  e.m.f.  generated  by  it  is  the  greater,  and  the  resulting 
current  round  the  coil  is  therefore  that  due  to  the  preponder- 
ance of  the  e.m.f.  of  the  limb  /  q  over  that  of  r  s.  Now,  the 
lines  of  force  which  the  outer  limb  cuts  in  excess  of  those  cut  by 
the  inner  limb  when  the  coil  has  moved  through  an  angle  of  900 
are  simply  those  which  pass  through  the  coil  when  it  is  in  the 
zero  position,  as  in  fig.  180,  and  it  is  evident  that  if  the  field  is 
uniform,  and  the  coil  comparatively  small,  the  lines  thus  embraced 
will  be  very  few  indeed,  and  the  use  of  iron  to  increase  their 
number  immediately  suggests  itself.  It  is  most  advantageous  to 
make  the  iron  in  the  form  of  a  ring,  as  shown  in  fig.  181,  and 
cause  it  to  rotate  with  the  coil.     The  coil  here  depicted  consists 
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of  two  convolutions,  and  the  dotted  lines  indicate  the  general 
direction  of  the  lines  of  force  through  the  iron  when  it  is  placed 
in  the  field  between  two  opposite  magnet-poles.  It  must  be 
clearly  understood  that  in  such  a  case  the  lines  of  force  will  not 
rotate  with  the  ring,  but  remain  practically  fixed  in  position, 
finding  new  points  of  entry  and  exit  on  the  surface  of  the  iron  as 
the  ring  rotates. 

The  effect  of  so  placing  a  ring  of  iron  in  a  magnetic  field  is 
illustrated  more  precisely  in  fig.   182.     The  apparatus  employed 


to  obtain  this  figure  consisted  of  a  quantity  of  thin  soft-iron  wire 
wound  into  a  ring,  and  placed  between  the  opposite  poles  of  two 
powerful  bar-magnets,  a  sheet  of  paper  being  laid  over  the  ring 
and  magnets,  and  iron  filings  sprinkled  upon  it.  The  spaces  free 
from  filings  represent  those  places  where  the  permeability  of  the 
iron  is  sufficiently  high  to  prevent  any  appreciable  number  of 
lines  of  force  extending  above  the  paper  so  as  to  give  direction  to 
the  filings.     The  manner  in  which  the  lines  converge  into  the 
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ring  should  be  noted,  and  it  will  also  be  observed  that  at  two 
places,  on  a  diameter  at  right  angles  with  the  lines,  the  magnetic 
effect  above  the  paper  is  considerable.  The  reason  for  this  is 
that  the  greatest  number  of  lines  pass  through  the  iron  at  these 
points,  and  the  density  of  the  lines  here  is  so  great  that  the 
permeability  is  sufficiently  reduced  to  allow  some  lines  to  leak 
above  the  paper.  Comparatively  few  lines  pass  diametrically  across 
the  interior  of  the  ring,  about  half  of  them  going  through  the  upper 
and  half  through  the  lower  part  of  it.  Consequently  the  inner 
limb  of  the  coil  (fig.  181),  if  wound  over  and  rotated  with  such  a 
ring,  would  cut  but  very  few  lines,  and  the  resulting  e.m.f.  would 
be  practically  that  developed  by  the  outer  limb  alone. 

In  the  case  illustrated  in  fig.  181  only  one-half  of  the  total 
number  of  lines  of  force  urged  through  the  iron  can,  at  any  one 
time,  pass  through  the  coil,  and  some  device  is  therefore  necessary 
to  enable  the  other  half  to  be  utilised.  Now,  since  the  induced 
e.m.f.  will  be  the  same  in  any  given  position  after  the  coil  has 
passed  the  point  situated  1800  from  zero  as  it  was  in  the  corre- 
sponding position  after  it  had  passed  the  zero  point  itself,  it  is  clear 
that  a  second  coil  might  with  advantage  be  placed  at  the  opposite 
extremity  of  a  diameter  of  the  circular  path  described  by  the  coil, 
as  the  joint  effect  of  the  two  coils  could  then  be  made  use  of. 
We  will  assume  that  the  limbs  on  the  outer  periphery  alone  are 
active,  and  it  will  be  seen  that  if  the  induced  current  flows  from 
front  to  back  in  the  outer  limbs  of  the  upper  coil,  it  will  flow  from 
back  to  front  in  the  outer  limbs  of  the  lower  coil,  because  these 
limbs  always  cut  the  lines  from  opposite  sides,  viz.  the  former  from 
above  and  the  latter  from  below.  The  e.m.f.  is,  however,  at  any 
moment  equal  in  each,  and,  by  joining  the  two  ends  which  are  at 
a  positive  potential  to  one  segment  and  the  two  ends  which  are 
at  a  negative  potential  to  the  other  segment,  both  coils  are  made  to 
deliver  their  currents  in  the  same  direction  to  the  external  circuit 

Fig.  183  illustrates  the  arrangement  for  employing  two  such 
coils  ;  they  are  similarly  wound  (right-handedly  in  this  case),  and 
their  adjacent  ends  are  joined  to  the  same  section  of  the  commu- 
tator. Now,  as  they  are  fixed  at  opposite  extremities  of  a  diameter, 
they  pass  at  every  moment  through  parts  of  the  field  where  they 
act  with  equal  effect,  and  therefore,  as  already  pointed  out,  the 
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e.m.f.  will  be  the  same  at  the  extremities  of  each  coil.  Since  the 
ends  of  the  two  coils,  which  are  at  the  same  e.m.f.,  are  joined  to 
the  same  segment  of  the  commutator,  the  e.m.f.  due  to  both  coils 
is  only  the  same  as  that  produced  by  one  of  them,  and  the  current 
will  rise  and  fall  in  precisely  the  same  manner  as  with  a  single 
coil.  It  is,  in  fact,  an  exactly  analogous  case  to  that  of  joining: 
two  primary  cells  of  equal  e.m.f.  in  parallel.  There  is  also  the 
corresponding  advantage  here  that  because  the  coils  are  joined 
in  parallel  the  internal  resistance  between  the  two  segments  is 
only  half  that  of  one  coil,  and  any  arrangement  that  so  reduces 
the  internal  resistance  of  a  current-generator  may  be  some- 
times very  valuable.     By  increasing  the  number  of  turns  in  the 

Fig.  183 


coils  we  can  increase  the  e.m.f.,  because  a  greater  number  of 
conductors  in  series,  round  the  periphery,  are  then  usefully  cutting 
lines  of  force ;  but,  of  course,  the  number  must  be  exactly  the 
same  in  each  coil,  otherwise  the  km.f.  set  up  in  the  two  coils 
would  be  different.  In  figs.  181  and  183  it  will  be  observed  that 
there  are  two  active  conductors  to  each  coil. 

We  are  now  in  a  position  to  proceed  with  the  consideration 
of  a  method  for  making  the  short  fluctuating  currents  depicted 
in  fig.  179  approach  more  nearly  to  a  continuous  steady  current. 
These  short  currents  are  at  a  minimum  when  the  coils  are  at  right 
angles  to  the  lines  of  force,  or  at  that  point  where  the  reversal  of 
the  induced  current  takes  place,  and  it  is  evident  that  if  a  second 
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pair  of  coils  be  placed  at  right  angles  to  this  existing  pair,  as  in 
fig.  184,  they  will  always  lie  parallel  to  the  lines  of  force,  or  be  in 
the  position  of  best  action,  just  at  the  moment  when  the  first  pair 
are  almost  idle.  But  it  now  becomes  necessary  to  divide  the 
commutator  into  four  parts,  all  the  coils  being,  of  course,  similarly 
wound,  and  the  adjacent  ends  of  adjacent  pairs  connected  to  the 
same  segment  of  the  commutator.  When  only  two  segments  are 
employed,  the  brushes,  as  we  have  observed,  are  placed  so  that 
the  divisions  of  the  commutator  pass  them  just  at  the  moment 
when  the  coils  are  at  right  angles  to  the  lines  of  force,  and  when 
they  are  almost  idle.     In  the  present  case,  with  four  coils,  the 
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brushes  must  also  be  placed  so  that  the  division  between  each 
pair  of  segments  on  the  commutator  passes  a  brush  when  the  coil 
connected  to  that  pair  of  segments  is  in  the  position  of  least 
activity,  viz.  with  its  plane  at  right  angles  to  the  lines  of  force. 
We  shall  see  presently  that  there  are  several  causes  which  combine 
to  slightly  vary  this  particular  position,  although  it  can  always  be 
found. 

In  fig.  184  the  brushes  are  indicated  by  dotted  lines,  and  are 
shown  slightly  out  of  what  we  have  hitherto  considered  to  be  their 
correct  position.  Supposing  the  lines  of  force  to  pass  straight 
across  from  one  pole-piece  to  the  other,  the  currents  in  the  various 
coils  would  flow  in  the  direction  indicated  by  the  arrows  and  the 
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resulting  current  could  be  led  from  the  armature  to  the  external 
circuit  by  the  upper  brush  bu  entering  the  armature  again  by  the 
lower  brush  bs.  The  two  horizontal  coils  d  and  e  are  in  the  posi- 
tion of  greatest  activity,  while  the  vertical  coils  a  and  c  are  almost 
idle,  and  merely  serve  to  conduct  the  current  generated  by  the 
active  coils  to  that  segment  of  the  commutator  which  the  brush  is 
touching.  A  moment  later  a  and  c  will  each  begin  to  generate 
a  current  in  the  opposite  direction  to  the  one  now  flowing  in  them, 
but  as  by  that  time  they  will  have  passed  the  brushes,  their  oppo- 
site ends  will  now  be  in  contact  with  these  same  brushes,  and  the 
direction  of  the  current  in  the  external  circuit  will  remain  unaltered. 
When  the  plane  of  each  of  the  fou*  coils  makes  an  angle  of  450 
with  the  lines  of  force,  they  are  all  equally  active  (although  the 
activity  of  no  one  coil  is  then  so  great  as  that  of  the  coils  e  and  d 
while  they  are  in  the  best  position,  as  shown  in  fig.  184),  and  the 

Fig.  185 
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e.m.f.  at  the  brushes  is  twice  that  which  is  at  that  moment  being 
developed  by  one  coil. 

The  resulting  e.m.f.,  due  to  the  joint  effect  of  the  double 
instead  of  the  single  pair  of  coils,  is  still  far  from  constant,  and,  as 
before,  we  must  determine  at  what  positions  of  the  coil  this  re- 
sulting e.m.f.  is  at  a  maximum  and  where  it  becomes  a  minimum. 
The  curve  already  given  (fig.  179)  illustrates  the  variation  of  the 
e.m.f.  due  to  one  coil  or  one  pair  of  coils,  and  as  when  this  e.m.f. 
is  highest,  that  of  the  second  pair  of  coils  is  lowest,  and  vice  vend, 
the  relative  magnitude  of  the  e.m.f.  generated  by  two  pairs  of  coils 
at  different  positions  may  be  indicated  by  the  overlapping  curves 
in  fig.  185.  From  this  we  have  to  construct  a  curve  which  shall 
show  how  the  e.m.f.  at  the  brushes  due  to  the  joint  effect  of  both 
pairs  of  coils  varies.  Now,  as  twice  during  each  revolution  one  of 
the  two  pairs  is  for  the  moment  acting  alone,  the  e.m.f.  at  the 
brushes  is  then  simply  that  due  to  this  pair,  and  is  proportional 
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to  the  length  of  the  perpendicular  line  o  a.  At  this  moment  the 
e.m.f.  at  the  brushes  is  at  its  lowest  value,  and  the  length  of  this 
line  o  a  determines  the  lowest  point  on  the  curve  which  we 
desire  to  construct.  Immediately  after  this  point  is  passed  both 
pairs  are  acting  together,  the  activity  of  the  one  increasing  and  that 
of  the  other  decreasing.  At  a  certain  stage  they  will  be  acting 
with  exactly  equal  effect,  and  this  stage  is  indicated  by  the  inter- 
section of  the  two  curves  in  b  ;  it  occurs,  as  we  have  seen,  at 
the  moment  when  each  coil  makes  an  angle  of  450  with  the  lines 
of  force.  To  obtain,  therefore,  the  resulting  e.m.f,  at  the  brushes, 
we  must  add  together  these  two  equal  e.m.f.'s;  consequently, 
twice  the  length  of  the  line  c  b  must  be  taken  as  the  height  of 
this  the  highest  point  in  the  new  curve.  When  the  coils  have 
rotated  through  another  45s,  one  pair  is  again  idle  and  the  other 
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at  its  maximum  activity,  so  that  we  again  reach  the  lowest  point  01 
the  curve.  The  curve  so  constructed  is  shown  in  fig.  186,  and  it 
indicates  the  manner  in  which  the  total  e.m.f.  at  the  commutator 
brushes  fluctuates  when  the  armature  consists  of  two  pairs  of  coils 
arranged  as  in  fig.  184.  The  resulting  current  will  also  fluctuate 
similarly,  depending  in  strength  upon  the  total  resistance  in  the 
circuit 

It  is  obvious  that  the  variation  in  the  e.m.f.  can  be  further 
diminished  by  the  employment  of  a  yet  greater  number  of  pairs 
of  coils  in  the  armature,  provided  that  they  are  all  placed  sym- 
metrically. 

For  instance,  a  coil  might  be  placed  exactly  midway  between 
each  of  those  wound  on  the  armature  shown  in  fig.  184;  the 
armature  would  then  consist  of  eight  coils  in  four  pairs,  and  the 
commutator  of  eight   bars  or  segments  (fig,   187).       The  black 
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portions  of  the  circle  represent  the  metallic  segments,  the  white 
spaces  between  them  indicating  the  insulating  material.  The 
current  from  such  an  armature  would  be  far  more  steady  than  one 
from  the  four-coil  armature;  in  fact,  it  may  be  stated  generally 
that  the  greater  the  number  of  coils  composing  the  armature,  the 
less  the  fluctuation  of  the  current.  Of  course  there  is  a  practical 
limit  to  the  number  of  coils ;  for  instance,  the  commutator  with 
this  kind  of  armature  must  have  as  many  segments  as  the  arma- 
ture has  single  coils  or  sections,  and  its  construction  and  the 
making  of  the  necessary  connections  would  be  difficult  and 
expensive  if  the  number  were  excessively '^increased. 

It  will  be  observed  that  in  fig.  187  the  whole  armature  con- 
ductor is  wound  continuously  round  the  core ;  it  is  divided  into 

Fig.  187 
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sections  having  four  convolutions  each,  and  a  connecting  wire  is 
led  from  the  junction  of  every  two  adjacent  sections  to  the  proper 
segment  of  the  commutator.  The  result  is  of  course  the  same  as 
if  the  ends  of  each  section  were  brought  direct  to  the  commutator 
segment,  while  the  actual  length  of  the  armature  conductor,  and 
therefore  the  resistance,  is  slightly  reduced.  In  this  and  the 
following  chapters,  illustrations  will  be  given  of  the  way  in  which 
these  commutator  connections  are  effected  in  practice. 

In  order  to  increase  the  e.m.f.  developed  in  a  given  field  at  a 
given  speed,  we  must  increase  the  number  of  conductors  on  the 
outer  periphery  of  the  armature,  which  can  be  done  by  adding  to 
the  number  of  convolutions,  although  this  also  increases  the  in- 
ternal resistance.  In  the  armature  illustrated  there  are  thirty-two 
active  portions  of  the  wire  round  the  whole  external  periphery, 
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but  as  they  are  joined  up  in  two  sets  in  parallel,  the  total  k.m.f  is 
only  sixteen  times  that  of  one  active  portion.' 

If  we  know  the  number  of  active  conductors  joined  in  series 
and  the  number  of  lines  of  force  which  they  cut  per  second,  it  is 
easy  to  calculate  the  resulting  e.m.f.  The  e.m.f.  developed  at  any 
moment  by  any  particular  conductor  moving  circularly  in  a  uniform 
field  varies  with  its  position,  and  at  any  moment  it  is,  as  we  have 
seen  (Chapter  VIII.),  proportional  to  the  cosine  of  the  angle  which 
the  plane  of  the  coil  of  which  it  forms  a  part  makes  with  the 
lines  of  force  ;  or  to  the  sine  of  the  angle  through  which  the  coil 
has  turned  from  its  position  at  right  angles  to  the  lines  of  force. 
But  we  need  not  now  trouble  ourselves  with  this  consideration ; 
for,  in  a  symmetrically  constructed  armature  of  many  convolutions, 
the  place  of  each  conductor  as  it  moves  to  a  position  of  greater  or 
less  activity  is  immediately  filled  by  another,  and  the  total  e.m.f. 
remains  unaltered.  Since  each  active  length  undergoes  precisely 
the  same  inductive  effects,  the  average  e.m.f.  induced  in  each  is 
the  same,  and  the  total  e.m.f.  will  be  equal  to  the  number  of 
active  conductors  round  one  half  of  the  armature  multiplied  by  the 
average  e.m.f.  developed  by  one  of  them  during  half  a  revolution. 
This  average  e.m.f.  is  of  course  the  same  as  that  developed 
during  a  whole  revolution. 

Supposing  the  armature  to  consist  of  forty-eight  convolutions, 
and  the  average  e.m.f.  developed  by  one  of  the  active  limbs  to  be 
2  volts,  then  the  whole  e.m.f.  would  be  2  x  24  =  48  volts. 

The  average  e.m.f.  developed  by  each  active  conductor  depends 
upon  the  speed  at  which  it  moves,  and  the  number  of  lines  cut 
by  it ;  in  fact,  we  have  seen  that  if  a  wire,  one  centimetre  long, 
is  moved  at  a  velocity  of  one  centimetre  per  second  transversely 
through  a  field  of  unit  strength  (that  is,  a  field  having  one  line 
of  force  per  square  centimetre),  then  the  resulting  e.m.f.  will  be 
equal  to  one  c.g.s.  unit.  This  unit  being  so  very  small,  the  volt 
is  employed  for  practical  use,  having  a  value  io8  or  100,000,000 
times  that  of  the  c.g.s.  unit ;  so  that  after  calculating  e.m.f.  in 
c.g.s.  units,  the  result  must  be  divided  by  io8  to  obtain  the  e.m.f. 
in  volts. 

It  is  preferable  to  consider  the  number  of  lines  cut  per  second, 
which  number  can  always  be  found,  and  then  we  need  not  know 
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the  length  of  the  conductor  or  the  intensity  of  the  field  in  ccs. 
units,  nor  need  any  difficulty  arise  even  if  the  field  be  not  uniform. 
Referring  again  to  fig.  187,  suppose  there  are  16,000  lines  of  force 
urged  through  the  armature  core,  these  lines  will  all  be  cut  twice 
by  each  conductor  during  one  complete  revolution.  If  the  arma- 
ture makes  one  revolution  per  second,  each  conductor  will  cut 
32,000  lines  per  second  and  generate  an  average  electro-motive 
force  of  32,000  c.g.s.  units.  And  as  there  are  sixteen  conductors 
in  series,  the  total  average  e.m.f.  as  measured  at  the  brushes  will 
be  16  x  32,000  =a  512,000  cg.s.  units,  or 

•512,000  ,,.         , 

2 — ^0 —  =  -005  volt  nearly. 

10* 

If  the  armature  made  ten  revolutions  per  second,  the  e.m.f.  would 
be  ten  times  greater  (i.e.  0*05  volt)  because  each  conductor 
would  now  cut  ten  times  the  number  of  lines  per  second. 

In  fact,  we  may  say  that  the  average  e.m.f.  generated  in  an 
armature  of  this  description  is  equal  to 

n  x  -  x  2»,  that  is,  np«  c.g.s.  units, 
2 

NP«        ,. 

or  average  e  =  —   .—  volts, 

io8 

where  n  is  the  total  number  of  lines  of  force  urged  through  the 
armature  core ;  p  the  total  number  of  active  conductors  lying 

•  p 

round  the  periphery,  and    ,  therefore,  the  number  in  series ;  n 

2 

the  number  of  revolutions  per  second,  and  2«,  therefore,  the 
number  of  times  per  second  which  the  whole  of  the  lines  are  cut 
by  each  conductor. 

The  e.m.f.  obtained  in  the  last  example  (0*05  volt)  is  very  low, 
because  both  the  number  of  active  conductors  and  the  number  of 
lines  of  force  assumed  are  small.  In  practice  it  is  not  unusual 
to  force  several  millions  of  lines  through  the  armature  core.  Sup- 
posing the  number  to  be  3,000,000,  and  the  number  of  conductors 
round  the  periphery  to  be  150,  then  if  the  armature  is  driven  at 
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1200  revolutions  per  minute,  or  20  per  second,  the  e.m.f.  deve- 
loped would  be 

3,000,000  x  150  x  20  =      VQlts 
100,000,000 

The  above  is  a  fair  example  of  what  obtains  in  actual  practice, 
and  the  student  will  readily  perceive  that  it  is  necessary  for  the 
quantity  of  iron  in  the  armature  core  to  be  considerable,  otherwise 
with  such  a  large  number  of  lines  of  force  the  magnetic  induction 
through  it  (that  is,  the  number  of  lines  per  square  centimetre) 
would  be  abnormally  high.  We  know  that  the  permeability  of 
iron  decreases  rapidly  when  the  induction  through  it  exceeds  a 
certain  amount,  and  then  a  large  number  of  the  lines  leak  dia- 
metrically across  the  ring  instead  of  taking  the  path  indicated  in 
fig.  183,  many  of  them  passing  across  the  steel  driving-shaft,  the 
permeability  of  which  may  then  be  equal  or  even  superior  to  that 
of  the  '  saturated '  iron. 

Now,  as  these  lines  of  force  thus  leaking  across  the  ring  are 
cut  by  the  inner  portions  of  the  conductor  (equivalent  to  r  s  in 
fig.  180)  and  act  prejudicially,  inasmuch  as  the  e.m.f.  generated  by 
the  inner  wires  in  cutting  them  is  reverse  to  the  main  e.m.f.,  it  is 
evidently  inadvisable  for  this  reason,  if  for  no  other,  to  endeavour 
to  push  the  induction  too  far.  As  a  rule  the  limit  is  from  16,000 
to  18,000  lines  per  square  centimetre,  and  if  more  lines  through 
the  core  are  needed,  either  the  area  must  be  increased  or  iron  of 
higher  permeability  employed.  The  former  necessarily  entails  a 
greater  length  of  conductor.  It  is  evident  that  in  an  arma- 
ture of  the  type  we  are  considering,  the  iron  of  which  the  core  is 
made  should  be  of  the  highest  possible  permeability,  while  the 
quantity  of  iron  or  steel  used  inside  the  ring  should  be  as  small 
as  possible  to  minimise  the  tendency  to  cross-leakage.  This 
latter  consideration  implies  that  iron  should  not  be  employed  for 
the  purpose  of  mechanically  connecting  the  ring  to  the  driving 
shaft.  In  practice,  gunmetal  or  some  other  non-magnetic  alloy 
is  used. 

The  first  armature  on  this  principle  was  constructed  by 
Pacinotti,  but  it  remained  unnoticed  until  the  essential  features 
had  been  combined  in  a  slightly  different  form  by  Gramme. 


Gramme  Ring 
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Fig.  188  illustrates  the  construction  of  an  early  form  of  Gramme 
armature,  the  core  being  shown  cut  through,  and  some  of  the  coils 
displaced  to  make  it  clearer.  The  core,  f,  consists  of  a  quantity 
of  iron  wire  wound  continuously  to  form  a  ring  of  the  shape 
shown  by  the  section.  Over  this  were  wound  about  thirty  coils  of 
insulated  copper  wire,  b  c  d,  &c,  the  direction  of  the  winding  of 
each  being  the  same,  and  their  adjacent  ends  connected  together. 
The  commutator  segments  consist  of  a  corresponding  number 
of  brass  angle-pieces,  m  «,  which  are  fixed  against  the  wooden 
boss,  o,  carried  on  the  driving  shaft.  The  junction  of  every  two 
adjacent  coils  is  connected  to  one  of  the  commutator  segments, 
as  shown  at  n,  and  in  the 
completed  machine  two  flat 
brushes  of  copper  wire  would 
be  pressed  against  the  pro- 
jecting ends  of  the  segments, 
and  serve  to  deliver  the  current 
to  the  external  circuit. 

The  latest  forms  of  this 
armature,  although  identical 
in  principle,  are  far  superior 
from  a  mechanical  point  of 
view;  in  fact,  the  armature 
here  illustrated  would  fly  to 
pieces  if  subjected  to  the 
stresses    which     occur   in    a 

modern  machine.  It  is  necessary  that  the  commutator  bars  should 
be  firmly  held  in  position,  that  the  wire  of  the  coils  should  be 
bound  or,  by  some  means,  fixed  so  as  to  prevent  its  being  shifted, 
and  that  the  core  and  with  it  the  coils  should  be  firmly  secured 
to  the  driving  shaft.  It  will  be  shown,  in  describing  the  best 
types  of  machines,  how  these  points  are  attended  to  in  practice. 

Especial  care  must  be  taken  to  prevent  the  generation  of  eddy 
currents  in  the  core,  and  this  was  Gramme's  reason  for  using  rather 
fine  wire  instead  of  a  solid  ring  of  iron.  We  have  previously 
remarked  that  the  e.m.f.  which  gives  rise  to  these  eddy  currents 
is  very  low  (although  the  current  strength  may  be  considerable, 
because  the  large  mass  of  metal  involved  offers  little  resistance), 
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and  that,  therefore,  the  merest  film  of  insulation  between  neigh- 
bouring wires  of  the  core  is  sufficient.  Except  in  special  cases  a 
coating  of  shellac  varnish  is  all  that  is  required,  but  in  any  case 
the  space  occupied  by  insulation  should  always  be  as  small  as 
possible,  so  as  to  allow  the  maximum  amount  of  iron  to  be  used 
in  a  given  space.  If  the  armature  is  rotated  in  a  simple  field 
between  two  pole-pieces,  it  is  not  necessary  to  subdivide  the  core 
to  the  extent  adopted  in  the  earlier  Gramme  machines,  for  since 
the  direction  of  the  eddy  currents  is  at  right  angles  to  the  lines  of 
force  and  to  the  direction  in  which  the  core  moves,  there  will  be 
no  tendency  for  them  to  flow  in  a  radial  direction,  but  only  along 
lines  parallel  to  the  driving  shaft.  •  Therefore  the  core  may  be 
simply  laminated,  or  built  up  of  a  number  of  thin  discs  or  thin 


flat  rings  of  soft  iron,  thus  giving  better  facilities  for  mechanical 
connection  with  the  shaft,  and  also  reducing  the  magnetic  resist- 
ance considerably.  In  entering  or  leaving  the  interior  of  the  wire 
core,  the  lines  of  force  have  to  leap  across  numerous  little  spaces 
of  low  permeability,  while  in  the  case  of  a  core  built  up  of  discs, 
not  only  is  the  mass  of  iron  greater,  but  it  is  also  continuous  in  the 
direction  of  the  lines,  and  discontinuous  only  in  the  path  which 
would  be  taken  by  the  eddy  currents. 

A  complete  armature  of  the  so-called  Gramme  ring  type 
is  shown  in  fig.  180.  The  core  consists  of  a  number  of  very 
thin  flat  rings  of  well-annealed  charcoal  iron,  the  outer  diameter 
of  each  ring  or  disc  being  it^  inches,  and  its  inner  diameter 
i)\  inches.    Sheets  of  thin  paper  insulate  each  disc  from  its  neigh- 
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hours  to  prevent  the  flow  of  eddy  currents.  The  armature  is 
mounted  on  a  Bessemer-steel  shaft  to  which  is  keyed  a  four-armed 
gunmetal  spider,  and  the  extremities  of  the  arms  of  this  spider 
fit  into  notches  cut  in  the  inner  edges  of  the  soft-iron  core  rings, 
so  that  a  good  mechanical  connection  is  obtained  between  the 
core  and  the  steel  shaft.  The  spider  is  made  of  a  non-magnetic 
metal,  to  reduce  the  tendency  to  leakage  of  lines  of  force  across 
the  interior  of  the  armature,  as  already  explained. 

The  armature  conductor  consists  of  cotton-covered  copper 
wire  of  No.  9  standard  wire  gauge,  lying  round  the  core  in  one 
layer,  and  offering  a  resistance,  from  brush  to  brush,  of  0*048  ohm. 
There  are  two  convolutions  in  each  section,  the  adjacent  ends  of 
neighbouring  sections  being  soldered  to  radial  lugs  projecting 
from  the  commutator  bars,  as  shown  in  fig.  189.  There  are 
seventy-six  such  sections,  and,  consequently,  seventy-six  bars  in 
the  commutator,  these  bars  being  of  hard-drawn  copper  insulated 
from  each  other  by  mica  strips  075  mm.  in  thickness.  Mica  is 
almost  the  only  material  now  used  for  this  purpose,  for  which  it  is 
eminently  suitable,  because  of  its  excellent  insulating  properties, 
its  great  durability,  and  its  practically  perfect  cleavage,  in  con- 
sequence of  which  it  can  be  procured  of  any  desired  thinness. 
•  As  the  length  of  conductor  parallel  to  the  shaft  is  considerable, 
there  is  a  risk  of  its  bulging  out  when  rotated  at  a  high  speed,  a 
tendency  which  would  be  assisted  by  the  drag  on  the  conductors  • 
due  to  the  field,  and  by  the  rise  in  temperature  and  consequent 
expansion  of  the  wire  caused  by  the  current  itself.  Any  such 
bulging  out  or  stripping  of  the  conductor  is  prevented  by  binding 
the  armature  with  several  turns  of  fine  strong  wire  in  three  places, 
as  shown  in  fig.  189. 

The  commutator  always  forms  an  important  part  of  a  dynamo. 
In  almost  every  instance  the  segments  are  made  of  hard-drawn 
copper  and  insulated  from  each  other  by  means  of  mica,  but 
there  are  many  different  methods  of  rigidly  securing  the  segments 
in  position  and  insulating  them  from  the  shaft.  One  method 
is  illustrated  by  the  two  views  given  in  fig.  190,  the  upper  half 
being  shown  in  section  in  each  case.  Upon  the  steel  shaft  f  is 
keyed  a  gunmetal  bush,  e,  with  a  rim  at  one  end  recessed  to 
receive  the  projections  from  the  commutator  bars  or  segments,  b. 
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The  opposite  corner  of  these  bars  is  shaped  to  fit  a  steel  ring,  c, 
of  triangular  section,  which  is  held  tight  home  by  the  wrought-iron 
nut,  d,  screwed  on  to  the  gunmetal  bush.  The  bars  are  insulated 
from  the  bush  e  and  ring  c  by  sheets  of  vulcanised  fibre,  in- 
dicated by  the  thick  lines  in  the  figure. 

Returning  now  to  a  consideration  of  the  phenomena  developed 
by  the  actual  rotation  of  the  armature,  we  may  repeat  that  the 
brushes  must  be  so  placed  that  every  division  between  the  segments 
of  the  commutator  passes  under  a  brush  just  at  that  moment 
when  the  coil,  the  ends  of  which  are  connected  to  those  segments, 
is  idle.  Now  this  happens  when  the  plane  of  the  coil  is  at  right 
angles  to  the  lines  of  force,  so  that  if  the  lines  of  force  always 


retained  their  regular  straight  direction  between  the  poles  of  the 
field-magnet,  or  even  if  they  curved  regularly  through  the  iron 
core  as  indicated  in  fig.  183,  it  would  be  easy  to  fix  the  correct 
position  for  the  brushes.  But  the  field  is  distorted  immediately 
the  armature  is  caused  to  rotate  and  the  current  established. 
This  distortion  is  due  to  the  fact  that  the  armature  itself  becomes 
a  powerful  electro-magnet,  having  lines  of  force  which  are  not 
coincident  with  those  of  the  field-magnets.  The  two  halves  of 
the  core  are,  as  a  matter  of  fact,  magnetised  by  the  currents  pass- 
ing round  them,  and  in  such  a  manner  that  their  similar  poles 
are  adjacent  to  each  other  and  situated  at  the  points  where  the 
two  currents  enter  and  leave  the  external  circuit.     Now,  if  two 
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semicircular  magnets  of  equal  strength  are  placed  so  as  to  form 
a  circle  with  their  unlike  poles  adjacent,  they  form  a  complete 
closed  magnetic  circuit,  nearly  all  the  lines  of  force  taking  the 
path  of  the  iron  or  steel,  and  there  is  consequently  very  little 
external  magnetic  effect  observable.  But  if  these  same  semi- 
circular magnets  are  placed  with  their  like  poles  adjacent,  there  is 
abundant  external  evidence  of  the  magnetic  strength  of  the  com- 
bination. The  circle  acts,  indeed,  as  if  it  were  a  single  magnet, 
the  distance  between  its  poles  being  the  length  of  the  diameter. 
Some  of  the  lines  of  force  find  their  way  back  across  the  diameter 
to  the  opposite  pole,  while  others  pass  round  outside  the  circle,  a 
much  larger  proportion  taking  this  course,  when,  as  in  the  case  of 
a  dynamo,  there  are  large  masses  of  iron  in  the  vicinity. 

The  position  of  the  brushes  determines  the  position  of  the 
poles  of  the  armature,  since  they  form  the  meeting-points  for  the 
currents  in  the  two  halves  of  the  armature,  and  when  the  brushes 
are  placed  on  a  diameter  at  right  angles  to  the  lines  of  force  of 
the  field,  these  poles  are  also  at  right  angles  to  those  lines  of  force. 

It  is  manifest  that  as  the  tendency  is  for  the  armature  to 
generate  a   magnetic  field  in  one    direction,   while   the   field- 
magnets  strive  to  maintain  one  in 
another,   the  direction   of  the   re-  "  *gi 

sultant  field  must  lie  between  the 
two,  the  exact  position  depending  to 
a  great  extent  upon  the  relative  mag- 
netising forces  of  the  armature  and 
field-magnets.  Were  these  relative 
forces  known,  the  direction  of  the  resulting  field  might  be  deter- 
mined approximately  by  the  well-known  '  parallelogram  of  forces ' 
(see  fig.  191).  In  this  case  the  line  a  b  represents  by  its  position 
the  direction,  and  by  its  length  the  magnitude,  of  the  magnetising 
force  due  to  the  field-magnets  alone,  while  the  line  b  c,  drawn  at 
right  angles  to  a  b,  represents  the  direction  and  force  of  the  field 
due  to  the  armature.  Then  the  diagonal  bd  of  the  completed 
parallelogram  represents  both  in  magnitude  and  direction  the 
resulting  magnetic  field,  when  the  brushes  are  placed  on  a 
diameter  at  right  angles  to  the  direction  of  the  field  represented 
by  a  b.     If,  however,  we  wish  to  place  the  brushes  on  a  diameter 
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at  right  angles  to  the  resulting  field  b  d,  it  is  necessary  to  shift 
them  so  that  b  c  is  perpendicular  to  b  d. 

The  relation  between  the  fields  due  to  the  field-magnet  and 
to  the  armature  and  the  consequent  or  resultant  field  is  illustrated 
in  a  slightly  different  manner  in  fig.  192,  which  needs  no  further 
explanation. 

The  altered  position  of  the  brushes  is  commonly  known  as  the 
lead  given  to  them,  and  the  angle  through  which  they  are  moved 
is  known  as  the  angle  of  lead.  In  every  dynamo  the  lead  is 
forward  or  in  the  direction  of  the  rotation  of  the  armature.  The 
parallelogram  of  forces  referred  to  above  does  not  exactly  indicate 
the  true  angle,  however,  as  the  method  would  only  be  applicable 
if  the  field-magnets  completely  embraced  the  armature.     It  will 
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be  evident  that  if  we  wish  to  reduce  the  angle  dba  (fig.  191),  it 
can  be  done  by  decreasing  b  c  or  increasing  a  b,  which  in  either 
case  would  result  from  making  the  magnetising  force  of  the  field- 
magnets  great  as  compared  with  that  of  the  armature.  Practice 
also  dictates,  for  this  and  for  other  reasons,  that  the  magnetic 
field  in  which  the  armature  revolves  should  be  as  strong  as 
possible,  and  always  very  much  stronger  than  that  developed  by 
the  armature  itself.  Fig.  193  is  intended  to  illustrate  roughly  the 
effect  on  the  field  of  a  dynamo  when  the  armature  is  revolving  in 
the  direction  indicated  by  the  arrow,  and  is  generating  a  current 
It  will  be  observed  that  the  lines  of  force  n  s,  n  s9  are  considerably 
distorted  or  dragged  out  of  their  normal  position  (more,  in  fact, 
than  is  the  case  in  actual  practice),  and  that  this  distortion  takes 
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place  in  the  direction  of  rotation.     The  lines  which  cross  the 
space  inside  the  armature  ring  indicate  the  direction  of  leakage. 

When  the  external  resistance  through  which  a  dynamo  is 
working  is  varied,  the  current  in  the  armature,  and  therefore  the 
field  produced  by  it,  also  varies ;  the  same  cause  may  also  alter 
the  field  produced  by  the  field-magnets  if  the  machine  is  '  self- 
exciting,'  and  consequently  in  practice  the  angle  of  lead  sometimes 
varies  considerably.  If  the  effective  fields  produced  by  the  field- 
magnets  and  the  armature  were  varied  in  the  same  proportion, 
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the  angle  of  lead  would  remain  constant ;  but  we  shall  see  presently 
that  because  (among  other  things)  the  permeability  of  and  the  in- 
duction through  the  field-magnet  and  armature  cores  do  not  vary 
together,  this  proportion  is  not  maintained,  although  the  currents 
producing  those  fields  may  be  equally  increased  or  diminished. 
Too  much  stress  cannot  be  laid  upon  the  necessity  for  setting  the 
brushes  in  the  proper  position,  and  to  facilitate  matters  they  are 
usually  mounted  on  an  insulating  rocker  so  that  they  may  be 
shifted  together  through  a  considerable  angle  until  the  correct 
position  is  found.     When  the  field  is  a  simple  one,  such  as  that 

b  b  2 
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between  the  two  poles  of  a  magnet,  and  providing  it  is  also  uni- 
form, the  brushes  are  placed  at  opposite  extremities  of  a  diameter 
of  the  commutator,  no  matter  what  the  angle  of  lead  may  be. 
When  the  brushes  are  not  properly  adjusted,  the  coils  are  short- 
circuited  while  they  are  more  or  less  active,  and  considerable 
sparking  occurs  at  the  commutator,  injuring  that  important  part 
of  the  machine,  and  giving  evidence  of  wasted  energy. 

Practically  the  best  position  of  the  brushes  can  be  found  by 
shifting  them  while  the  machine  is  running  (the  external  circuit 
being  at  the  time  completed)  until  there  is  no  sparking  observable ; 
and  it  is  found  that  they  must  be  set  even  a  little  further  ahead 
than  the  point  where  they  are  at  right  angles  to  the  direction  of 
the  resultant  lines  of  force.  This  slight  extra  lead  is  necessitated 
by  the  rather  peculiar  and  important  action  which  takes  place  in 
a  coil  as  it  passes  a  brush.  The  brush  has  a  sufficiently  wide 
bearing  on  the  commutator  to  bridge  over  the  interval  between 
the  two  segments  and  so  to  short-circuit  the  coil  attached  to  them 
for  a  brief  interval  of  time  ;  and  although  this  may  take  place  when 
the  coil  is  in  itself,  as  a  generating  coil,  almost  inactive,  it  must 
be  remembered  that  it  has  considerable  self-induction,  consisting 
as  it  does  of  a  number  of  convolutions  of  wire  wrapped  round 
a  comparatively  large  mass  of  soft  iron.  We  have  already  con- 
sidered at  length  the  reasons  which  prevent  a  current  being 
suddenly  started  or  stopped  in  any  circuit  which  has  an  appre- 
ciable amount  of  self-induction,  from  which  it  is  evident  that, 
although  the  coil  itself  may  not  be  actually  generating  any  current, 
yet,  just  before  it  passes  under  the  brush,  it  is  carrying  the  whole 
of  the  current  generated  by  the  other  coils  in  the  same  half  of  the 
ring.  When  the  coil  is  thus  short-circuited  by  the  brush,  the 
current  flowing  will  not  immediately  die  out,  and  the  extra  lead 
mentioned  above  is  given  in  order  that  the  coil  when  short- 
circuited  shall  be  moving  in  a  field  such  that  the  e.m.f. 
generated  will  assist  in  throttling  or  partially  neutralising  this 
current.  Hence  in  order  to  ensure  the  entire  stoppage  of  the 
current,  and  also  even  to  allow  sufficient  time  for  a  current  in 
the  opposite  direction  to  be  just  started  in  the  coil  before  it  is 
actually  thrown  into  circuit  again  in  the  other  half  of  the  armature, 
it  is  advantageous  to  have  the  brushes  about  twice  as  thick  as 
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a  commutator  segment,  and  to  give  them  the  slight  extra  lead 
above  referred  to.  Independently  of  this  it  is  impossible  in 
practice  to  attain  the  theoretical  condition  of  each  coil  being 
absolutely  idle  even  for  the  briefest  possible  interval  during 
which  the  coil  might  be  short-circuited;  and  although  the 
e.m.f.  generated  when  the  coil  is  least  active  may  be  very  small, 
yet  the  resistance  is  as  a  rule  so  extremely  low,  being  but  a 
small  fraction  of  an  ohm,  that  the  current  strength  when  the 
coil  is  short-circuited  may  become  considerable.  The  energy  of 
currents  so  circulating  round  the  coils  while  they  are  in  turn  short- 
circuited  is  expended  in  heating  the  wire,  and  this  effect  must  be 
remembered  as  one  of  the  many  causes  which  necessitate  special 
attention  being  paid  to  ventilation  in  designing  a  dynamo  arma- 
ture. Ventilation  does  not,  of  course,  prevent  the  generation  of 
heat  and  consequent  waste  of  energy,  but  it  facilitates  dissipation, 
and  thereby  tends  to  keep  the  temperature  from  rising  to  a 
dangerous  point. 

Much  can  be  done  to  reduce  the  angle  of  lead,  and  minimise 
sparking,  by  making  the  field  very  strong,  and  constructing  the 
armature  with  many  sections,  each  of  few  convolutions  and  there- 
fore of  comparatively  low  self-induction.  Further,  although  it 
involves  an  increase  in  the  magnetic  resistance,  and  therefore 
necessitates  an  increase  in  the  magneto-motive  force  developed  by 
the  field-magnet  coils,  it  is  distinctly  advantageous,  so  far  as  the 
reduction  of  sparking  is  concerned,  to  design  a  machine  so  that 
the  value  of  B,  or  the  intensity  of  magnetisation  in  the  armature 
core,  shall  be  considerable,  because  then  the  permeability  of  the 
iron  becomes  considerably  reduced,  and  the  self-induction  of  any 
one  coil  is  much  less  than  it  would  be  if  wound  over  a  similar 
mass  of  more  feebly  magnetised  iron.  In  many  machines  each 
section  consists  of  but  one  convolution,  and  the  brushes  can 
easily  be  adjusted  so  that  absolutely  no  sparking  can  be  observed, 
while,  the  field-magnets  being  very  powerful,  the  angle  of  lead  is 
very  small,  even  when  the  armature  is  carrying  its  maximum 
current.  In  such  a  case  the  armature  current  may  vary  con- 
siderably without  necessitating  any  readjustment  of  the  brushes, 
such  as  becomes  necessary  with  badly  designed  machines,  in  which 
the   brushes  have  to   be   rocked  forward  directly  the  armature 
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current  increases  slightly  in  strength,  and  backward  when  it  is 
diminished. 

It  will  be  remembered  that  we  commenced  the  study  of  the 
direct-current  dynamo  with  the  aid  of  a  simple  rectangular  coil 
(fig.  178),  but  that  subsequently,  to  make  the  development  of  the 
subject  easier,  a  different  system  of  winding  was  introduced,  lead- 
ing up  to  the  Gramme  armature.  We  are  now  in  a  position  to 
comprehend  more  readily  the  manner  in  which  excellent  arma- 
tures, commonly  known  as  'drum*  armatures,  are  constructed 
upon  the  principle  of  the  rectangular  coil  first  mentioned.  The 
drum  armature  is  really  a  natural  development  of  the  shuttle 
armature.  This  shuttle  armature,  consisting,  as  it  does,  of  only 
one  coil  of  many  turns,  the  ends  of  the  coil  being  joined  one  to 
each  segment  of  a  simple  two-part  commutator,  gives  a  current 
fluctuating  from  maximum  to  zero  or  thereabouts,  twice  in  each 
revolution,  and  greater  steadiness  was  aimed  at  and  obtained  by 
placing  a  number  of  coils  symmetrically  round  the  core ;  in  just 
the  same  way  that  a  considerable  number  of  coils  wound  on  the 
Gramme  principle  yield  a  more  nearly  constant  current  than  would 
result  from  a  single  coil  or  a  pair  of  coils.  A  drum  armature  is 
somewhat  more  difficult  to  construct  and  to  illustrate;  and 
although  the  fundamental  principle  is  in  all  cases  that  just  in- 
dicated, there  are  many  ways  of  making  the  necessary  connections, 
some  of  which  will  be  described  when  dealing  with  actual 
machines. 

The  general  principle  may  be  gathered  from  fig.  194,  where 
only  two  adjacent  sections  are  shown,  each  having  one  turn.  The 
core  is  shaped  like  a  cylinder  or  drum,  a  commutator,  similar 
to  those  already  described,  being  mounted  at  one  end  of  the 
shaft  From  one  segment  the  first  coil  ascends  up  to  the  face  of  the 
drum  to  a}  thence  lengthways  along  the  cylinder  to  £,  whence  it 
passes  across  a  chord  b  c9  slightly  less  in  length  than  a  diameter, 
and  along  the  length  of  the  cylinder  from  c  to  d.  From  d  it  is 
brought  round  the  face  and  connected  to  the  segment  next  to  that 
one  to  which  the  other  end  of  the  coil  is  joined.  The  second 
coil,  shown  by  open  lines  for  distinction,  starts  from  the  segment 
at  which  the  first  coil  terminates,  and  is  wound  similarly  to  that 
coil,  being  placed  a  little  further  round  the  drum  as  shown.     Its 
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two  ends  also  are  connected  to  adjacent  segments,  and,  in  a 
similar  manner,  coils  would  be  placed  all  round  the  cylinder, 
equidistant,  and  with  the  ends  of  each  joined  to  two  adjacent 
commutator  segments,  so  that  every  segment  has  two  wires  con- 
nected to  it  A  reference  to  fig.  218  will  perhaps  make  this  point 
clearer.  Many  of  the  best  drum  armatures  are  constructed  with 
but  one  convolution  in  each  section,  but  when  it  is  desired  to 
increase  this  number  the  wire  is  simply  wound  the  requisite 
number  of  times  round  the  cylinder,  and  the  end  of  the  last  con- 
volution led  to  the  commutator  segment.  Of  course,  the  wires 
cannot  be  brought  straight  across  the  face,  as  shown  at  b  cy  on 
account  of  the  driving-shaft,  and  when  there  are  several  con- 
volutions in  each  section  care  is  taken  to  arrange  the  wires 

Fig.  194 


symmetrically  round  the  shaft,  so  as  to  preserve  a  mechanical  as 
well  as  an  electrical  balance. 

These  cross-connections  form  perhaps  the  most  serious  dis- 
advantage pertaining  to  such  drum  armatures  as  compared  with 
ring  armatures.  In  the  first  place,  since  portions  of  all  the  coils 
overlap  if  the  connections  are  made  across  the  face  of  the  drum  in 
the  manner  indicated  in  fig.  194,  it  is  possible  to  get  wires  having 
a  high  potential  difference  very  close  together,  thus  increasing  the 
chance  of  a  breakdown  in  the  insulation  ;  secondly,  if  the  whole 
of  the  end  face  of  the  drum  is  thus  covered  with  wire  and 
insulating  material,  one  of  the  best  points  at  which  ventilation 
might  be  effected  is  blocked  up  ;  and  thirdly,  it  becomes  very 
difficult  to  repair  the  armature,  as,  should  any  one  coil  become 
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defective,  it  may  be  found  necessary  to  remove  a  number  of  the 
other  coils  in  order  to  replace  the  faulty  one. 

Many  of  the  improvements  in  the  design  of  drum  armatures 
consist  of  devices  for  overcoming  the  difficulties  caused  by  these 
cross-connections,  and  the  modern  practice  in  making  these  con- 
nections will  be  illustrated  in  the  next  chapter. 

The  great  advantage  peculiar  to  a  drum  armature  is  the 
fact  that  the  conductors  usefully  cut  all  the  lines  of  force  passing 
through  the  armature  core.  The  only  idle  wire  is  that  used  for 
connecting  the  longitudinal  or  active  conductors  ;  and  no  part  of 
the  conductor  can  generate  an  e.m.f.  in  the  counter-direction. 
Consequently,  iron  or  steel  may  be  employed  for  all  the  internal 
fittings;  in  fact,  but  for  the  necessity  of  allowing  space  for 
ventilation,  and  also  for  diminishing  the  weight  as  much  as 
possible,  the  whole  of  the  inside  of  the  armature  might  be  occu- 
pied by  iron.  A  distinct  advantage  from  a  mechanical  point  of 
view  results  from  the  fact  that  in  a  drum  armature  it  is  possible 
to  construct  the  core-plates,  spider,  and  shaft  of  similar  materials 
which  expand  and  contract  to  the  same  extent  when  the  tempera- 
ture changes ;  when  widely  differing  materials,  such  as  gunmetal 
and  iron,  have  to  be  employed,  there  is  always  a  tendency  to 
loosen  the  structure  at  some  point  or  other  on  account  of  the 
different  rates  of  expansion  and  contraction. 

Since  the  active  limbs,  a  b,  c  d,  always  cut  the  lines  of  the 
field  from  opposite  sides — viz.  one  from  above,  the  other  from 
below — the  current  is  induced  from  front  to  back  in  one  and  from 
back  to  front  in  the  other,  so  that  it  circulates  in  the  same  direc- 
tion round  the  coil,  precisely  as  in  the  case  of  the  simple  rectangle 
first  considered. 

Each  coil  is  equivalent,  then,  to  two  diametrically  opposite 
coils  in  a  Gramme  armature,  and  there  will  be  as  many  commu- 
tator segments  as  there  are  coils.  The  reversal  of  the  current 
takes  place,  of  course,  as  each  coil  passes  the  zero  position — viz. 
with  its  plane  at  right  angles  to  the  lines  of  force — and  it  is 
in  this  position  that  the  segments  to  which  it  is  connected  pass 
the  brush.  Also,  as  in  the  case  of  the  Gramme  ring,  the  resistance 
from  brush  to  brush,  through  two  halves  of  the  armature  in  parallel, 
is  only  one_quarter  of  that  of  the  whole  armature  in  series,  and, 
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n  p  n 
in  calculating  e.m.f.,  the  formula  e  =  — 8    holds  good,  p  being 

the  number  of  active  conductors,  such  as  a  by  round  the  periphery 
of  the  drum. 

The  drum  armature  is  more  efficient  than  any  other  form,  and 
its  superiority  over  the  ring  type  may  be  appreciated  by  supposing 
that  we  have  two  armatures  of  equal  diameter,  and  having  active 
conductors  arranged  round  them  equal  in  number  and  length. 
The  magnetic  resistance  offered  by  the  drum  armature  will  be  the 
smaller  because  the  quantity  of  iron  in  its  core  is  greater,  and 
therefore  a  given  magneto-motive  force  can  urge  more  lines  of 
force  through  it  than  through  the  ring  armature.  Further,  the 
whole  of  the  lines  passing  through  the  drum  armature  are  usefully 
cut  by  the  conductors,  while,  in  the  case  of  the  ring,  some  leak 
across  to  the  shaft  and  are  cut  by  the  inner  portions  of  the  wire 
in  such  a  manner  as  to  reduce  the  main  e.m.f.  Therefore,  with 
a  given  magneto-motive  force  to  maintain  the  field,  the  drum 
armature  will  give  a  higher  e.m.f.  than  the  ring  when  they  are 
driven  at  equal  speeds.  Equal  e.m.f.'s  might  be  obtained  by 
reducing  n,  the  number  of  lines  of  force,  or  p,  the  number  of 
active  conductors ;  but  the  factor  which  it  is  usually  sought  to 
keep  as  low  as  possible  is  «,  the  number  of  revolutions  per 
second.  One  great  practical  advantage  of  a  drum  armature  is, 
therefore,  that  it  enables  slow-speed  machines  of  comparatively 
moderate  proportions  to  be  constructed,  and  it  will  be  observed 
that  few  slow-speed  dynamos  have  ring  armatures ;  indeed,  few 
simple  ring  armatures  are  now  used  except  for  the  generation 
of  comparatively  small  currents.  Since  the  proportion  of  idle 
wire  is  somewhat  less  in  the  drum  than  in  the  ring  type,  its 
conductor  resistance  for  the  same  weight  of  copper  is  rather 
lower. 

Having  discussed  some  of  the  theoretical  points  involved  in 
the  construction  and  action  of  direct-current  dynamo  armatures, 
we  will  now  consider  the  methods  of  maintaining  the  field,  which, 
it  will  be  remembered,  should  be  as  strong  as  possible.  As  in 
the  case  of  the  more  powerful  of  the  machines  described  in  the 
preceding  chapter,  electro-magnets  (called  the  field-magnets)  are 
employed  for  this  purpose.     Practical  difficulties  and  efforts  to 
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secure  economy  in  construction  somewhat  influence  the  shape, 
but  in  every  case  the  great  object  should  be  borne  in  mind — viz. 
the  necessity  for  leading  as  many  lines  of  force  as  possible  through 
the  space  between  the  poles,  in  which  the  armature  is  made  to 
revolve. 

The  magneto- motive  force,  which  sets  up  and  maintains  the 
field,  is  obtained  by  means  of  a  current  passing  through  one  or 
more  coils  of  wire,  and  is  proportional  to  the  strength  of  the 
current  flowing  and  the  number  of  turns  of  wire  in  the  coil,  as  has 
already  been  fully  explained  (Chapter  VII.),  and  the  quantity 
represented  by  the  product  of  these  two  factors  is  referred  to  as 
the  '  ampere-turns.' 

Now,  for  any  given  machine,  the  number  of  lines  of  force 
which  must  be  urged  through  the  armature  is  usually  determined 
beforehand,  but  as  with  every  electro-magnet,  of  whatever  design, 
there  is  a  certain  amount  of  *  leakage/  only  a  portion  of  the  lines 
generated  by  the  field-magnet  pass  through  the  armature. 

But  power  is  expended  in  the  generation  and  maintenance  of 
the  lines  of  force,  and  those  which  are  rendered  useless  by  leakage 
represent  so  much  power  wasted.  It  is  obviously  advisable  that 
this  waste  should  be  reduced  to  a  minimum,  and  the  greatest  pos- 
sible proportion  of  the  lines  developed  led  through  the  armature. 
This  may  be  accomplished  by  making  the  magnetic  resistance  of 
the  desired  path  very  low.  The  whole  magnetic  circuit  should, 
preferably,  approximate  to  the  circular  form,  and  whatever  the 
quality  of  the  iron  employed,  its  sectional  area  must  be  sufficient 
at  every  point  to  prevent  the  magnetic  induction  being  so  high  as 
to  greatly  reduce  the  permeability  of  the  iron.  We  have  men- 
tioned one  advantage  which  results  from  working  the  armature 
core  at  a  rather  high  induction,  but  in  doing  this  we  cannot,  of 
course,  avoid  correspondingly  increasing  the  magnetic  resistance 
of  the  circuit. 

The  spaces  between  the  pole-pieces  of  the  field-magnet  and 
the  core  of  the  armature  offer  considerable  magnetic  resistance, 
which  may  be  taken  as  proportional  to  the  distance  between  the 
iron  surfaces,  the  permeability  of  the  copper  wire  and  its  insula- 
tion being  to  all  intents  and  purposes  the  same  as  that  of  air. 
The  only  way  of  diminishing  this  high  resistance  is  to  reduce  the 
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distance  between  the  iron  surfaces  as  much  as  safety  will  permit, 
and,  since  this  minimum  distance  is  nearly  the  same  in  machines 
of  all  sizes,  we  see  one  reason  to  account  for  the  observed  fact 
that  small  dynamos  are  generally  less  efficient  than  larger  ones. 

In  estimating  the  tendency  to  leakage  it  must  not  be  forgotten 
that  while  the  permeability  of  iron  decreases  with  an  increase  of 
the  magnetic  induction  through  it,  that  of  air  remains  constant, 
and  the  difference  between  the  permeability  of  the  nearly  saturated 
iron  of  the  field-magnets  and  that  of  the  air  space  is  never  so 
great  as  the  difference  usually  given  for  unsaturated  soft  iron 
and  air. 

Two  very  important  considerations  influencing  the  design 
of  field-magnets  are  economy  in  construction  and  mechanical 
strength ;  and  in  practice,  as  we  shall  see,  it  is  sometimes  con- 
sidered advisable,  where  the  question  of  weight  is  unimportant,  to 
use  cast  iron  for  part  or  all  of  the  field-magnet  core.  It  is  prefer- 
able to  forge  or  cast  the  core  in  one  piece,  as  joints  break  the 
molecular  continuity  and  increase  the  magnetic  resistance  con- 
siderably, although  this  disadvantage  can  be  minimised  by  making 
the  surfaces  in  contact  fit  truly.  The  principal  practical  objection 
to  the  use  of  cast  iron  is  that,  since  its  sectional  area  must  be  at 
least  twice  that  of  wrought  iron,  a  much  greater  quantity  of  copper 
is  required  to  form  the  field-magnet  coils.  Copper  is  expensive, 
while  cast-iron  cores  are  far  less  costly  than  equivalent  ones  of 
wrought  iron,  and  the  student  should  observe  how  different  makers 
aim  at  true  economy  in  this  matter.  Even  leaving  out  the  question 
of  cost  and  weight,  it  does  not  by  any  means  follow  (as  is  sometimes 
supposed)  that  a  dynamo  properly  designed  to  perform  certain 
work,  and  having  cast  iron  in  its  construction,  is  inferior  to  one 
built  wholly  of  wrought  iron  to  perform  the  same  work.  Steel  is 
now  employed  in  many  cases  instead  of  wrought  iron  for  field- 
magnet  cores,  the  principal  advantage  in  its  favour  being  that  it 
can  be  cast  into  the  desired  shape,  thus  avoiding  the  somewhat 
expensive  processes  of  forging  and  machining  up  to  shape,  which 
are  necessary  in  the  case  of  wrought  iron.  Ordinary  hard  tool- 
steel  is,  of  course,  unsuitable  for  this  purpose,  the  material  employed 
being  mild  steel,  which  contains  very  little  carbon,  and  cannot  be 
hardened  or  tempered,  and  the  most  suitable  qualities  of  which, 
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when  carefully  annealed,  are  scarcely  inferior  to  wrought  iron  as 
regards  permeability. 

The  composition  of  the  '  ampere-turns ' — that  is,  the  propor- 
tion of  current  strength  to  the  number  of  convolutions — will 
depend  largely  upon  the  manner  in  which  the  exciting  current  is 
obtained ;  for  it  is  sometimes  necessary  to  have  considerable 
resistance  in  the  coils,  and  then  the  number  of  convolutions  may 
be  made  great  and  the  current  correspondingly  weak ;  while  in 
other  cases  a  high  resistance  is  inadmissible,  when  only  a  few  turns 

Fig.  195 


can  be  employed,  and  the  necessary  magneto-motive  force  must 
then  be  obtained  by  the  aid  of  a  heavy  current. 

When  the  exciting  current  is  obtained  from  an  entirely 
separate  source — for  example,  from  a  secondary  battery  or  another 
dynamo — the  machine  is  termed  a  c  separately  excited '  dynamo. 
Such  an  arrangement  is  illustrated  in  fig.  195,  where  s  n  are  the 
pole-pieces  of  a  massive  horseshoe-shaped  electro-magnet,  the 
armature,  indicated  by  two  concentric  circles,  being  placed  in  the 
space  between  the  pole-faces.     A  few  turns  of  wire  representing 
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the  field-magnet  coils  are  shown  round  the  limbs  of  the  field  - 
magnet,  and  if  a  current  be  sent  round  these  convolutions  in  the 
direction  indicated  by  the  arrows  the  field-magnet  will  become 
magnetised,  the  direction  of  the  lines  of  force  being  as  shown  by 
the  dotted  lines.  Some  of  these  lines  of  force  may  fail  to  pass 
through  the  armature,  as  indicated  in  the  figure,  where  lines  are 
shown  leaking  across  between  the  pole- tips  above  and  below  the 
armature  ;  but  if  the  space  between  the  surface  of  the  armature 
core  and  the  pole-faces  be  small,  if  the  pole-tips  do  not  approach 
too  closely,  and  if  there  be  sufficient  iron  in  the  armature  core, 
the  great  majority  of  the  lines  of  force  will  take  the  desired  path, 
and  a  considerable  e.m.f.  can  then  be  developed  by  rotating  the 
armature. 

A  separately  excited  machine  possesses  some  advantages,  on 
account  of  the  fact  that  the  exciting  current  is  at  all  times 
entirely  independent  of  the  e.m.f.  or  current  developed  by  its 
own  armature ;  but  these  machines  are  only  used  in  special  cases, 
because  of  the  inconvenience  in  providing  a  separate  source  of 
current  for  the  field-magnet  coils. 

At  the  beginning  of  this  chapter  we  referred  to  a  very  im- 
portant benefit  following  the  commutation  of  the  current — viz. 
the  possibility  of  using  all  or  part  of  the  current  generated  in  the 
armature  of  any  machine  for  the  purpose  of  magnetising  the  field- 
magnets  of  that  same  machine,  and  the  simplest  method  of  doing 
this,  in  which  the  whole  of  the  current  is  so  employed,  is  exem- 
plified in  fig.  196.  A  machine  having  its  connections  made  in  the 
manner  there  shown  is  known  as  a  '  Series '  dynamo. 

As  in  the  case  of  fig.  195,  s  n  are  the  pole-pieces  of  a  massive 
horseshoe  electro-magnet ;  the  armature  a  revolves  in  the  space 
between  them,  b{  b2  being  the  brushes  which  press  against  the 
commutator,  and  by  means  of  which  the  current  generated  in  the 
armature  can  be  led  to  any  desired  point.  In  this  case,  one 
end  of  the"  wire  forming  the  coil  of  the  field-magnet  is  connected 
directly  to  the  brush  b2,  the  other  end  being  joined  through  the 
external  circuit  r  to  the  opposite  brush  Bh  so  that  the  circuit  of 
the  field-magnet  is  completed  through  the  armature  coils.  Hence 
the  whole  of  the  current  generated  in  the  armature  must  pass 
round  the  coils  and  magnetise  the  electro-magnet. 
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But  how  is  the  current  to  be  started  in  the  first  instance  ?  It 
so  happens  that  even  the  purest  soft  iron  is  found  to  retain  some 
of  the  magnetism  imparted  to  it,  and  therefore  the  massive  cores 
of  a  dynamo,  having  once  been  strongly  magnetised,  always 
retain  an  appreciable  amount  This  '  residual '  magnetism  is  suffi- 
cient to  project  a  few  lines  of  force  through  the  armature  coils ;  so 
that,  when  the  armature  is  rotated,  a  feeble  current  is  generated 

Fig.  196 


therein.  The  connections  being  made  as  in  fig.  196,  this  current 
leaves  the  armature  by  the  top  brush  b,,  flows  through  the 
external  circuit,  and,  returning  to  the  machine,  passes  round  the 
coils  of  the  field-magnets,  the  circuit  being  completed  through 
the  lower  brush  b2.  The  feeble  current  sent  in  this  way  through 
the  field-magnets  has  the  effect,  providing  that  its  direction  round 
the  magnets  is  such  as  to  set  up  lines  of  force  in  the  same  direc- 
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tion  as  those  of  the  residual  magnetism,  of  increasing  the  strength 
of  the  field  in  which  the  armature  rotates,  and,  consequently,  the 
current  generated  also  becomes  stronger.  This  further  increases 
the  magnetic  field  developed,  and,  consequently,  also  the  current 
strength;  action  and  reaction  succeeding  one  another  in  this 
manner  until  presently  the  current  becomes  very  strong  indeed. 
This  increase  does  not,  however,  continue  indefinitely,  there 
being  two  especially  important  restrictions  which  tend  to  fix  a 
limit  to  the  current  produced.  In  the  first  place,  although  the 
core  of  the  field-magnet  may  be  very  massive,  its  magnetisation 
eventually  approaches  the  saturation-point,  beyond  which  an 
increase  of  the  current  in  the  coils  would  not  by  any  means 
involve  a  corresponding  increase  in  the  strength  of  the  effective 
field.  Secondly,  the  rotation  of  the  armature,  although  performed 
with  little  effort  at  the  commencement,  requires  a  considerable 
expenditure  of  energy  as  the  strength  of  the  current  increases. 
We  are  even  able  to  estimate  the  relative  power  required  to 
turn  the  armature  while  currents  of  different  strengths  are  being 
generated.  For  our  present  purpose  the  calculation  can  be  made 
very  simple  by  ignoring  the  power  lost  in  mechanical  friction,  &c. 
The  electrical  power  which  is  being  developed  in  any  circuit  can 
be  found  by  simply  multiplying  together  the  electro-motive  force 
in  volts  and  the  current  strength  in  amperes  in  that  circuit,  the 
result  being  the  number  of  watts  of  power  developed  therein,  or 
w  =  e  x  c,  w  being  the  number  of  watts ;  or,  since  the  e.m.f. 
is  equal  to  the  product  of  current  strength  and  resistance  (that  is, 
e  =  c  x  r),  we  may  write  w  =  (c  x  r)  x  c  =  c2  x  r  ;  that  is  to 
say,  the  power  in  watts  developed  is  equal  to  the  resistance  in 
ohms  multiplied  by  the  square  of  the  current  strength  in  amperes. 

As  the  resistance  of  the  dynamo  armature  and  magnet  coils  is 
usually  known,  only  one  measurement,  that  of  current  strength, 
need  be  taken,  which  can  be  done  by  any  ammeter  of  negligibly 
low  resistance. 

Supposing,  for  example,  the  resistance  of  the  armature  to  be 
3  ohms,  and  that  of  the  field-magnets  to  be  2  ohms,  then  the  total 
resistance  is  5  ohms.  When  a  current  of  10  amperes  is  generated 
without  any  external  resistance,  the  electrical  power  appearing 
in  the  circuit  is  equal  to  c2  r  =  100  x  5  =  500  watts  ;  and  if  the 
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current  is  increased  to  20  amperes,  then  cf  r  =  400  X  5  =  2000 
watts. 

Now,  in  both  cases  at  least  as  much  mechanical  power  is  re- 
quired to  turn  the  armature  as  appears  in  the  circuit  as  electrical 
power.  Indeed,  a  certain  amount  in  excess  is  necessary  (depend- 
ing upon  the  efficiency  of  the  machine),  because  some  energy 
must  be  wasted  in  overcoming  the  mechanical  friction  of  the 
bearings,  &c,  and  still  more  by  various  electrical  causes,  such  as 
eddy  currents  and  the  currents  which  flow  in  the  armature  coils 
during  the  period  of  short-circuiting. 

The  main  point,  however,  upon  which  we  desire  at  present  to 
lay  stress  is  that  the  increase  in  current  is  not,  and  never  can 
be,  obtained  without  a  corresponding  increase  in  the  power  ex- 
pended in  turning  the  armature ;  in  fact,  from  the  above  reasoning 
it  is  clear  that  in  a  series  dynamo  such  as  the  one  described,  the 
mechanical  power  expended  varies  as  the  square  of  the  strength 
of  the  current  obtained  in  the  external  circuit,  always  supposing 
the  resistance  of  the  circuit  to  remain  constant,  and  ignoring  the 
mechanical  power  lost  in  the  machine  during  conversion. 

The  ultimate  strength  of  the  current  is,  then,  limited  not  only 
by  the  saturation  of  the  field-magnets,  but  also  by  the  amount  of 
power  at  our  disposal  to  drive  the  armature  round.  The  engine, 
or  other  source  from  which  the  power  is  derived,  must  at  least  be 
able  to  furnish  power  equal  to  the  maximum  electrical  power  it 
is  desired  to  obtain,  to  which  must  also  be  added  that  which  is 
wasted  or  lost  in  the  conversion.  A  yet  further  limit  is  imposed 
by  the  limited  capacity  of  the  conductors  for  carrying  heavy 
currents. 

With  regard  to  the  residual  magnetism  which  is  relied  upon  to 
start  the  current,  it  may  be  remarked  that  if  the  field-magnets  are 
once  strongly  magnetised  by  a  current  passing  in  the  direction  in 
which  it  is  desired  the  currents  shall  afterwards  be  generated,  the 
cores  will  rarely  lose  all  traces  of  magnetisation,  especially  if  of  cast 
iron.  This  sometimes  happens,  however,  when  the  dynamo  is 
moved,  and  the  magnetism  may  even  be  reversed  ;  but  matters 
can  easily  be  righted  by  passing  a  current,  say,  from  a  few  primary 
or  secondary  cells  for  a  moment  in  the  proper  direction  through 
the  field- magnet  coils. 
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Hitherto  we  have  considered  the  dynamo  as  working  on  '  short 
circuit ' — that  is,  with  the  circuit  completed  without  the  introduc- 
tion of  any  appreciable  external  resistance.  In  practice,  however, 
we  require  the  current  to  do  a  greater  or  less  amount  of  work  in 
an  external  circuit,  such  as  developing  light  in  electric  lamps  or 
driving  an  electric  motor.  In  such  a  case,  only  a  small  part  of  the 
power  is  expended  in  overcoming  the  internal  resistance  (that  is, 
the  resistance  of  the  armature  and  field-magnets)  and  maintaining 
the  field,  the  remainder  being  employed  in  the  external  circuit.  It 
is  easy  to  find  the  relative  amount  of  power  absorbed  in  the  two 
parts  of  the  circuit.  Thus,  suppose  the  strength  of  the  current  to 
be  40  amperes,  and  the  total  e.m.f.  to  be  80  volts,  then  the  total 
electrical  power  developed  is  40  x  80  =  3200  watts.  If,  now, 
the  difference  of  potential  between  the  two  extremities  of  the  ex- 
ternal circuit  is  found  to  be  75  volts,  the  power  absorbed  therein 
is  40  x  75  =  3000  watts,  for  the  strength  of  the  current  is  the 
same  in  all  parts  of  the  same  circuit.  The  remaining  difference 
of  potential  is  80  —  75  =  5  volts,  which  is  the  fall  along  the 
internal  circuit ;  the  internal  circuit  absorbs,  therefore,  40  x  5  = 
200  watts.  In  this  way,  the  ratio  between  the  power  spent  in  the 
external  and  internal  portions  of  the  circuit  can  in  every  case  be 
measured. 

The  two  ends  of  the  external  circuit  above  referred  to  are 
connected  to  the  '  dynamo  terminals,'  and  the  potential  difference 
thereat  can  be  measured  by  any  suitable  voltmeter.  Since, 
also,  the  power  spent  in  either  portion  can  be  calculated  by 
multiplying  the  square  of  the  current  strength  by  the  resistance 
of  that  portion  of  the  circuit,  and  as  the  current  is  the  same  in 
each  part,  it  follows  that  the  energy  absorbed  in  either  part  is 
directly  proportional  to  the  resistance  of  that  part.  Thus,  if 
the  resistance  of  the  external  circuit  is  r  ohms,  and  that  of  the 
dynamo  r  ohms,  the  total  resistance  is  r  +  r.  Let  the  total 
number  of  watts  developed  be  w.  Then,  denoting  the  watts 
absorbed  in  the  internal  and  external  parts  of  the  circuit  by  x  and 
y  respectively,  we  have 

x  :  y  ::  r :  r, 

x  :  w  ::  r  :  r  +  r, 

v  :  w  ::  r  :  r  +  r. 

c  c 
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But  it  very  rarely  happens  that  any  dynamo  works  through  an 
external  circuit  of  constant  resistance  ;  if  it  is  supplying  current  to 
electric  lamps,  some  of  them  are  liable  to  be  thrown  into  or  out 
of  circuit  at  any  moment,  and  the  behaviour  of  a  series  dynamo 
under  these  varying  conditions  must  be  briefly  noted.  Supposing 
the  lamps  to  be  joined  up  in  series,  then  any  addition  to  the 
number  will  increase  the  external  resistance  and  reduce  the  current 
strength,  and  this  means  a  corresponding  decrease  in  the  strength 
of  the  field,  and,  consequently,  a  further  diminution  in  the  current 
strength.  If  we  suppose  the  lamps  to  be  joined  up  in  parallel, 
then  any  addition  to  the  number  in  circuit  decreases  the  total 
resistance  and  increases  the  current  This,  by  strengthening  the 
field,  still  further  increases  the  current  strength  even  beyond  that 
actually  required.  So  that  in  either  case  considerable  difficulties 
arise  when  a  series  dynamo  is  used  on  a  circuit  of  varying 
resistance. 

Moreover,  this  variation  of  the  current,  while  it  varies  the 
effective  fields  of  the  armature  and  field-magnet,  does  not  do  so 
in  the  same  proportion.  The  angle  of  lead  must  therefore  be 
altered  for  every  considerable  alteration  of  the  current,  or  injurious 
sparking  at  the  brushes  will  ensue.  A  series  dynamo  can  be  used 
most  conveniently  in  cases  where  a  current  of  constant  strength  is 
required,  and  then  if  the  resistance  of  the  circuit  remains  constant 
the  current  also  remains  constant,  provided  the  dynamo  be  driven 
at  a  regular  speed.  Should  the  resistance  of  the  external  circuit 
vary  from  time  to  time,  the  current  can  still  be  kept  constant  by 
varying  the  speed  or  by  providing  an  arrangement  to  automatically 
vary  the  strength  of  the  field  in  which  the  armature  rotates.  For 
example,  the  field-magnet  coil  may  be  shunted  by  a  resistance 
whose  value  can  be  reduced,  and  so  shunt  a  larger  proportion  of 
the  current  from  the  field-magnet  coils,  whenever  the  current  in 
the  main  circuit  tends  to  rise  above  the  standard  strength  ;  and 
increased  so  as  to  shunt  less  current  when  the  main  current  falls 
below  its  proper  value. 

It  will  be  evident,  however,  that  the  conditions  under  which 
the  simple  series  dynamo  can  be  conveniently  employed  are  some- 
what limited.  For  general  work,  and  especially  in  cases  where 
a  constant  potential   difference   and   not  a  constant   current  is 
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required  to  be  maintained,  some  better  method  of  '  regulation '  is 
essential — that  is,  some  arrangement  by  which  the  machine  shall 
be  made  to  develop  just  as  much  electrical  power  as  the  variations 
in  the  external  circuit  demand  from  it.  The  first  approximation 
thereto  is  obtained  by  an  alteration  in  the  manner  of  winding, 
giving  us  what  is  known  as  the  *  Shunt '  dynamo. 

Fig.  197 


In  the  shunt  dynamo  the  field-magnet  coils,  instead  of  being 
joined  up  in  series  with  the  armature  and  external  circuit,  are  so 
connected  that  they  form  a  *  shunt '  to  the  external  circuity  and 
receive,  therefore,  only  a  part  of  the  current  generated  in  the 
armature,  the  proportion  depending  upon  the  relative  resistances 
of  the  external  circuit  and  the  shunt  coils.  Fig.  197  shows  the 
manner  in  which  the  connections  are  made,  and  the   principle, 

c  c  2 
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which  is  very  simple,  should  be  readily  grasped.  The  armature 
is  rotated  between  the  pole-pieces,  and  a  certain  e.m.f.  is  de- 
veloped in  the  usual  manner.  The  whole  of  the  current  generated 
passes,  as  a  matter  of  course,  through  the  armature,  and  we  will 
suppose  that  its  direction  in  both  halves  of  the  armature  is  up- 
wards, or  from  the  lower  to  the  upper  brush.  At  the  upper  brush, 
Bi,  the  circuit  is  divided,  two  paths  being  open  to  the  current: 
one  round  the  coils  of  the  field- magnets,  by  taking  which  it  aug- 
ments and  maintains  the  field ;  and  the  other  through  the  external 
circuit  r,  where  it  can  be  used  for  lighting  purposes,  or  to  perform 
such  other  work  as  may  be  required.  Both  of  these  paths, 
however,  terminate  at  the  lower  brush,  b2,  and  the  strength  of  the 
current  which  goes  round  either  path  is,  as  we  have  just  indicated, 

simply    inversely    propor- 
F|G'  ,98  tional  to  the  resistance  of 

that  path.  To  assist  in 
overcoming  any  difficulty 
which  might  be  experienced 
in  understanding  the  con- 
nections or  in  tracing  the 
path  of  the  current  in  the 
various  branches,  the  ar- 
rangement is  shown  even 
more  clearly  in  fig.  198, 
r  being  the  external  circuit,  s  the  field-magnet  coil,  B,  b2  the 
brushes,  and  d  the  commutator  of  the  dynamo. 

The  method  of  measurement  applied  to  the  series  dynamo  can 
also  be  adopted  with  the  shunt  machine,  for  the  amount  of  power 
absorbed  in  the  armature,  field-magnet  coils,  and  external  circuit 
respectively,  can  be  found  by  multiplying  the  current  in  each 
particular  part  of  the  circuit  by  the  potential  difference  at  its  ex- 
tremities. The  armature  resistance  must  be  very  low,  otherwise, 
as  it  carries  the  whole  of  the  current,  the  power  absorbed  therein 
becomes  considerable  ;  on  the  other  hand,  the  resistance  of  the 
field-magnet  coils  requires  to  be  relatively  high. 

In  an  actual  machine  giving  good  results,  the  resistance  of 
the  armature  is  a  trifle  less  than  one-hundredth  of  an  ohm,  while 
the   magnet  coils  offer   i6'93",  or  about  1700  times  as  great  a 
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resistance.     Supposing  this  machine  were  driven  at  such  a  speed 
as  to  develop  a  potential  difference  at  the  brushes  of  100  volts, 
the  external  resistance  R  (consisting  of  a  number  of  lamps  in 
parallel)  being  half  an  ohm,  then  the  current  in  the  external 
circuit  would  be  200  amperes,  and  the  power  usefully  employed 
therein  100  x  200  =  20,000  watts.     The  resistance  of  the  shunt 
coils  being  i6*93",  and  the  potential  difference  at  the  extremities 
also    100  volts,   the  current  produced   therein  will   be   almost 
6  amperes.     So  that  6  x  100  =  600  watts  will  be  absorbed  in 
maintaining  the  field.     The  current  in  the  armature  of  a  shunt 
dynamo  is  the  sum  of  the  currents  in  the  two  external  branches, 
viz.  the  field-magnet  coils,  and  the  external  circuit,  and  in  this 
particular  case  it  is  6  +  200  =  206  amperes.     The  armature  re- 
sistance is  001",  and  since  the  fall  of  potential  along  it  is  equal  to 
the  product  of  current  strength  and  resistance,  the  fall  of  potential 
along  the  armature  from  brush  to  brush  is  206  x  coi  =  2*06  volts. 
Therefore  the  power  absorbed  in  it  is  2*06  x  206  =  424*36  watts, 
which  result,  of  course,  might  also  be  obtained  by  multiplying 
together  the  square  of  the  current  passing  through  the  armature, 
and  the  resistance.     Now  the  whole  electrical  power  developed  is 
21,024  watts,  of  which  number  1024  are  absorbed  in  maintaining 
the  field  and  in  overcoming  the  armature  resistance,  the  remaining 
20,000  being  usefully  expended  in  the  external  circuit. 

The  ratio  of  the  power  usefully  available  to  the  total  power 
developed  is  commonly  known  as  the  c  electrical  efficiency '  of  the 

dynamo,  and  in  the  case  just  considered  this  ratio  is  — - — ,  or 

21,024 

the  electrical  efficiency  is  slightly  over  95  per  cent.  It  is  hardly 
necessary  to  point  out  that  a  very  slight  increase  of  the  armature 
resistance  would  considerably  lower  this  figure,  because  the  arma- 
ture carries  such  a  heavy  current.  The  electrical  efficiency  would, 
on  the  contrary,  be  slightly  increased  if  more  turns  of  wire  were 
wound  on  the  field-magnet,  because  the  added  resistance  would 
diminish  the  current  strength,  although  the  magneto-motive  force 
would  remain  unaltered,  since  the  increase  in  the  number  of 
turns  would  just  balance  the  reduction  of  the  current  Similarly, 
the  strength  of  the  field  would  be  practically  unaltered  if,  say,  half 
the  number  of  convolutions  were  removed  from  the  field-magnet 
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coil,  because,  the  wire  being  of  uniform  resistance  throughout,  the 
removal  of  half  of  it  would  halve  the  resistance  of,  and  double  the 
current  strength  in,  the  field- magnet  coil,  supposing  the  potential 
difference  of  ioo  volts  to  be  maintained  in  both  cases.  The 
efficiency  would,  however,  be  lowered  by  such  a  procedure, 
because  twice  as  much  energy  would  be  wasted  in  heating  the 
field-magnet  coils,  the  energy  so  wasted  being  proportionate 
tocaR. 

Ignoring  for  the  moment  the  small  amount  of  residual  magnet- 
ism, it  will  be  observed  that  in  a  series  dynamo  the  field-magnets 
become  demagnetised  immediately  the  external  circuit  is  broken, 
because  the  whole  of  the  current  is  then  stopped.  In  the  case  of 
a  shunt  dynamo,  however,  if  the  external  circuit  r  in  fig.  198  is 
broken,  there  is  an  alternative  path  left  for  the  current  generated 
by  the  armature,  viz.  round  the  field-magnet  coil  s.  Although 
under  these  circumstances  the  current  passing  through  the  arma- 
ture is  less  than  when  the  external  circuit  is  completed,  yet,  since 
the  armature  reaction  and  the  fall  of  potential  in  the  armature  are 
less,  the  terminal  pressure  is  higher,  and  consequently  the  current 
in  the  field-magnet  coil  is  increased ;  hence  the  strength  of  the 
field  due  to  the  field-magnet  is  always  at  its  maximum  when  the 
external  circuit  is  disconnected ;  or  exactly  opposite  to  the  case 
of  a  series  dynamo.  In  the  latter  machine  the  most  powerful 
current  is  generated  and  the  field  is  strongest  when  the  terminals 
are  joined  by  a  piece  of  thick  wire ;  but  this  proceeding  would 
have  the  reverse  effect  upon  a  shunt  machine,  because  practically 
no  current  would  then  flow  round  the  field  coils  on  account  of  the 
very  low  resistance  of  the  alternate  path. 

Although  the  shunt  dynamo  (especially  if  the  resistance  of 
its  armature  is  low)  is  through  a  certain  range  less  affected  by 
changes  in  the  external  circuit  than  the  series  dynamo,  neither 
of  them  is,  for  many  purposes,  sufficiently  '  self-regulating,'  or  able 
to  accommodate  itself  to  these  external  variations.  We  may  require 
a  dynamo  to  do  one  of  two  things :  either  (a)  to  regulate  itself  so 
as  to  send  a  constant  current^  or  a  current  of  uniform  strength, 
through  the  external  circuit,  although  the  resistance  may  be  con- 
siderably varied  ;  or  (b)  we  may  require  it  to  maintain  a  constant 
potential  difference  at  the  extremities  of  the  external  circuit — that  is, 
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at  the  dynamo  terminals — under  like  variations  of  resistance.  No 
one  machine  can  be  constructed  to  fulfil  both  these  requirements, 
and  we  will  now  consider  the  best  of  the  many  methods  of 
automatically  maintaining  a  constant  potential.  This  consists  in 
the  combination,  in  one  machine,  of  the  series  and  the  shunt 
methods  of  winding.  The  simplest  way,  perhaps,  of  viewing  the 
arrangement,  is  to  consider  the  machine  as  a  shunt-wound  one, 
having  added  to  it,  round  the  magnet-limbs,  a  few  turns  of  wire 
in  series  with  the  external  circuit.  Then,  when  the  external  re- 
sistance is  made  very  low,  and,  as  a  consequence,  the  conditions 
are  set  up  for  the  current  in  the  shunt  coils  to  be  reduced  almost 
to  nothing,  the  magnetic  effect  of  the  series  coils  becomes  a  maxi- 
mum, on  account  of  the  increase  in  the  strength  of  the  current 
which  flows  through  those  coils,  so  that  the  opposite  variations  in 
these  two  sets  of  coils  tend  to  keep  the  field  more  or  less  constant. 
It  is  clear  that  the  success  attending  this  combination  will  depend 
largely  upon  the  proper  proportions  being  given  to  the  shunt  and 
series  coils,  and  in  order  to  ascertain  what  these  proportions  are 
or  should  be  for  any  particular  case,  we  will  now  introduce  a  con- 
venient method  by  which  the  variation  of  the  e.m.f.  developed  by 
a  dynamo  under  varying  conditions  can  be  studied. 

Let  us  start  with  the  case  of  a  series  machine,  driven  through- 
out the  experiments  at  a  constant  speed,  and  joined  up  to  a  set  of 
suitable  known  resistances  which  can  be  varied  as  desired.  The 
resulting  current  can  be  measured  by  any  suitable  ammeter, 
and,  the  resistance  of  the  machine  and  of  the  external  circuit 
being  known,  the  whole  of  the  e.m.f.  developed  can  be  calculated 
as  the  product  of  amperes  and  ohms.  We  thus  obtain  the 
amperes  of  current  flowing  and  the  whole  of  the  volts  of  e.m.f. 
developed,  and  these  two  quantities  may  be  similarly  found  for  any 
number  of  values  which  we  choose  to  give  the  external  resistance. 

For  instance,  we  might  start  with  the  external  resistance  very 
high  and  reduce  it  by  suitable  gradations  until  it  becomes  as  low 
as  safety  to  the  machine  will  allow.  A  table  might  then  be  made 
showing  the  number  of  amperes  flowing  at  every  stage  and  the 
volts  corresponding  thereto.  But  by  means  of  the  'squared 
paper '  previously  referred  to,  the  results  of  all  these  experiments 
can  be  shown  graphically  in  the  form  of  a  curve,  known  as  the 
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'  characteristic  curve '  of  the  particular  machine  experimented  with. 
Fig.  199  represents  such  a  curve,  taken  from  a  series  machine, 
driven  at  a  constant  speed.  The  volts  calculated  are  measured  off 
in  vertical  distances  or  ordinates,  and  the  amperes  in  horizontal 
distances  or  abscissae,  the  intersection  of  corresponding  ordinates 
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and  abscissae  being  points  on  the  curve.  The  length  of  the 
side  of  a  square  in  the  figure  represents  10  volts  or  10  amperes, 
but  in  practice  it  is  better  to  use  a  larger  sheet  of  paper  divided 
into  a  greater  number  of  squares,  one  side  of  each  square 
representing  1  volt,  or  1  ampere  as  the  case  may  be.     One  of  the 
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experiments  with  this  machine  showed  that  70*6  volts  were 
developed  when  18 '2  amperes  were  flowing,  and  the  point  a  on 
the  curve  is  the  result  of  this  particular  experiment  It  is  the 
point  of  intersection  of  the  two  straight  lines,  c  a  and  d  a,  drawn 
at  right  angles  to  o  y  and  o  x  respectively,  c  a  being  18*2  units 
and  d  a  70*6  units  in  length  (the  unit  being  one-tenth  of  a  side 
of  one  of  the  squares).  Another  experiment,  which  determined 
the  position  of  the  point  b,  showed  that  42  amperes  were  flowing 
when  87*4  volts  were  developed;  therefore  the  distance  e  b  is 
made  equal  to  42  units,  and  f  b  to  87*4  units.  Other  points  were 
fixed  by  similar  experiments,  and  by  joining  these  points  together 
the  curve  was  obtained.  In  the  region  of  any  decided  change  in 
the  curvature  the  number  of  experiments  must,  in  order  to  ensure 
a  correct  curve,  be  greater  than  they  need  be  in  the  more  uniform 
portions  of  the  line.  Notwithstanding,  however,  the  exercise  of 
the  greatest  possible  care,  some  of  the  points  are  usually  placed  a 
little  out  of  position,  owing  to  experimental  error.  But  experience 
and  theory  teach  us  that  zigzag  deviations  should  never  appear  in 
the  curves  of  dynamo  machines,  so  that  when  the  points  do  not 
lie  exactly  on  a  regular  curve,  we  can,  to  a  certain  extent,  correct 
experimental  errors,  by  striking  what  may  be  called  an  average, 
with  the  aid  of  a  flexible  ruler. 

Were  the  amperes  and  volts  to  increase  in  the  same  proportion 
throughout,  the  '  curve  '  would  be  a  straight  line  ;  but  with  every 
self-exciting  series  dynamo  we  get  a  curve  somewhat  similar  to  the 
one  here  given — that  is  to  say,  with  the  first  part  ascending  rapidly, 
then  a  decided  bend,  followed  by  a  fairly  straight  portion  making 
a  smaller  angle  with  the  horizontal.  It  has  already  been  pointed 
out  that  although  the  e.m.f.  rises  as  the  current  flowing  round  the 
field-magnets  (and,  therefore,  as  the  strength  of  the  field)  increases, 
a  stage  is  reached  when  a  given  increase  in  the  current  does  not 
give  a  proportionate  increase  in  the  field.  This  happens  when  the 
iron  in  the  field-magnets  is  becoming  saturated,  and  it  is  at  this 
stage  that  the  decided  bend  in  the  characteristic  curve  shows 
that  the  amperes  are  increasing  faster  than  the  volts.  The  student 
will  probably  notice  the  general  likeness  between  this  curve  and 
those  given  in  Chapter  VIII.  for  the  magnetisation  of  soft  iron. 
In  fact,  the  experiments  here  referred  to  constitute  a  very  rough 
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method  of  constructing  the  magnetisation  curve  for  the  iron  of 
the  field-magnet  core,  because  the  magnetising  force  is  propor- 
tional to  the  current  strength,  and  the  magnetic  induction  varies 
approximately  as  the  strength  of  the  field  projected  through  the 
armature,  of  which  strength  the  value  of  the  e.m.f.  is  a  more  or 
less  accurate  measure. 

It  sometimes  happens  that  by  merely  glancing  at  a  curve  we 
can  criticise  the  design  of  a  machine  in  some  important  respects  ; 
for  instance,  the  effect  of  having  too  little  iron  in  a  machine  would 
be  to  make  the  bend  occur  earlier  than  it  really  should  do.  Other 
points  of  criticism  will  manifest  themselves  presently. 

Reverting  to  fig.  199,  it  will  be  seen  that  the  curve  commences 
not  exactly  at  the  point  o,  but  at  a  point  a  little  way  up  the  verti- 
cal line,  thus  apparently  indicating  the  existence  of  a  small  £.m.f. 
before  the  current  commences  to  flow.  This  actually  is  the  case, 
and  results  from  the  existence,  in  the  field-magnets,  of  residual 
magnetism,  which  provides  a  weak  field  and  produces  a  small 
potential  difference  at  the  terminals  before  the  circuit  is  com- 
pleted. 

The  two  quantities — current  and  e.m.f. — plotted  in  this  curve, 
are  those  which,  when  multiplied  together,  enable  us  to  estimate 
the  amount  of  power  being  developed  in  the  whole  circuit ;  for 
the  product  of  one  volt  and  one  ampere  is  one  watt,  which  is  the 
electrical  unit  of  power,  or  rate  of  expenditure  of  energy,  and 
746  watts  correspond  to  one  horse-power.  It  follows  that  we  can 
select  any  point  on  the  curve  and  readily  calculate  what  power 
was  being  developed  in  the  circuit  at  the  particular  moment  that 
that  point  was  determined ;  for  instance,  during  the  experiment 
which  determined  the  position  of  the  point  a,  the  power  developed 
was  7o'6  x  18*2  =  1285  watts  =  172  horse-power. 

Such  calculations  can,  in  a  measure,  be  avoided  by  the  addi- 
tion of  another  set  of  curves  cutting  the  characteristic  at  points 
which  correspond  to  a  certain  horse-power  or  fraction  of  a  horse- 
power. Fig.  200  is  a  copy  of  fig.  199,  with  a  number  of  these 
horse-power  curves  added  in  dotted  lines.  At  the  point  m,  where 
the  characteristic  cuts  the  1  h.p.  line,  the  product  of  volts 
and  amperes  is  equal  to  746  watts,  while  at  K  it  is  equal  to  2  x  746 
.=  1492  watts.     These  curves  are  also  of  service  in  readily  show- 
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ing  the  manner  in  which  the  power  developed  by  a  machine  varies 
when  the  speed,  b.m.f.,  and  current  are  all  subject  to  change.  For 
example,  if  the  dynamo  with  which  the  characteristic  curve  under 
notice  was  obtained  were  driven  at  a  higher  speed,  the  e.m.f.  for 
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a  given  current  would  be  greater— that  is,  the  vertical  distances  will 
be  relatively  greater  than  the  horizontal  ones  as  the  speed  is  in- 
creased and  a  curve  somewhat  similar  in  shape,  but  placed  above 
the  existing  one,  will  be  obtained.  Several  curves  obtained  with 
different  speeds  may  thus  be  plotted  on  the  same  sheet  of  paper, 
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and  the  power  developed  at  different  stages  in  each  case  readily 
compared,  by  reference  to  the  horse-power  lines. 

These  horse-power  lines  may  be  constructed  by  a  simple, 
although  somewhat  tedious,  process.  As  an  example  let  us  take 
the  i  h.p.  line  in  fig.  200 ;  t,  the  nearest  point  to  o,  will  be 
equally  distant  from  o  x  and  o  y — that  is  to  say,  the  perpendiculars 
drawn  from  Ttoox  and  o  y  will  be  equal.  These  perpendiculars 
are  shown  in  fig.  201,  where  ts  =  tnj  and  their  product  tsxtn 
must  be  equal  to  746  units,  since  t  is  a  point  on  the  curve. 
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Now  n  t  s  o  is  a  square,  all  the  sides  are  equal,  and  therefore 
ts  XTN=rTNs  =  ON2=  746,  or  o  n  =  «/  746.  (The  unit  in 
fig.  200  is  one-tenth  of  the  side  of  a  square,  and  in  every  case  the 
unit  is  that  length  taken  to  represent  one  volt  or  one  ampere.)  If, 
therefore,  we  take  o  n  and  o  s  equal  to  ^746 — that  is,  27-3  units 
in  length — and  draw  perpendiculars  from  n  and  s,  their  intersec- 
tion in  t  will  give  the  first  point  on  the  curve.  Then,  if  any  con- 
venient number  of  rectangles,  equal  in  area  to  the  square,  be  con- 
structed, the  product  of  two  adjacent  sides  will  equal  o  nxtn  =  746. 
For  instance,  the  rectangles  o  b  and  o  c  are  equal  to  the  square 
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o  t  (o  a  and  o  d  being  each  twice  the  length  of  o  n,  and  o  f 
and  o  £  being  half  that  length).  Therefore,  since  a  b  x  b  e  and 
c  d  x  c  f  are  each  equal  to  746,  B  and  c  are  points  on  the 
curve.  This  method  illustrates  the  principle  in  a  simple  manner, 
and  quicker  methods  of  finding  pairs  of  lines  whose  products  are 
equal  will  suggest  themselves  (Euclid,  III.  36).  The  side  of  the 
square  determining  the  first  point  on  the  2  h.p.  line  will  be  equal  to 

n/(2  x  746)  =  »J  1492  ;  consequently  the  other  points  can  be  found 
in  the  same  way  as  before. 

It  will  be  remembered  that  the  characteristic  in  fig.  199  was 
constructed  by  measuring  the  amperes,  and  calculating  the  total 
volts  ;  but  it  is  more  convenient  to  join  up  a  voltmeter  and  mea- 
sure directly  the  volts  at  the  terminals  of  the  dynamo,  and  then 
plot  a  curve  showing  the  potential  difference  at  the  terminals 
(instead  of  the  total  e.m.f.),  corresponding  to  various  values  of  the 
current.  In  fact,  this  latter  curve,  usually  called  the  external 
characteristic  curve,  is  the  more  useful  of  the  two,  for  in  practice 
it  is  the  external  potential  difference  which  concerns  us  most. 

In  fig.  202  the  curve  o  p  is  the  external  characteristic,  obtained 
from  the  same  machine  as  the  previous  curve,  running  at  the 
same  speed.  The  bend  is  now  even  more  clearly  defined  ;  in  fact, 
after  a  certain  point  the  potential  difference  falls  as  the  current  is 
increased.  One  reason  for  this  bending  down  is,  as  we  have 
said,  the  magnetic  saturation  of  the  iron  ;  it  is  also  partly  caused 
by  the  heavy  current  in  the  armature  and  the  fall  of  pressure 
consequent  upon  the  resistance  of  the  armature  winding.  The 
curve  shows  us  then,  at  a  glance,  the  particular  current  strength  at 
which  we  can  get  the  maximum  external  potential  difference  at 
a  given  speed,  and,  of  course,  by  inserting  the  horse-power  lines, 
we  can  also  see  the  amount  of  power  absorbed  in  the  external 
circuit.  Now  the  remainder  of  the  e.m.f  is  absorbed  in  over- 
coming this  resistance  of  the  armature,  and  since  the  armature 
resistance  is  constant,  this  portion  of  the  e.m.f.  (found  by  multi- 
plying the  armature  resistance  and  the  current)  will  always  be 
proportional  to  the  current  flowing.  In  fact,  if  we  plot  the  '  curve ' 
for  current  and  e.m.f.  expended  in  the  armature,  we  get  the 
straight  line  o  a.  And  further,  if  at  any  point,  say  c,  we  add 
together  the  vertical  distance  from  the  base  line  to  the  line  o  a,  and 
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the  vertical  distance  to  the  external  characteristic — that  is  to  say, 
if  we  add  together  c  b  and  c  p — we  get  a  line  proportional  to  the 
e.m.f.,  giving  the  point  k  on  the  original  total  characteristic.  In 
this  manner  we  can  construct  the  total  characteristic  curve,  now 
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shown  as  a  dotted  line ;  or,  given  this  curve,  we  might  draw  the 
line  o  a,  and,  by  subtracting,  deduce  the  external  characteristic. 

The  greater  the  armature  resistance  the  greater  will  be  the 
fall  of  potential  along  it  for  any  given  current  strength,  and  there- 
fore also  the  greater  will  be  the  angle  which  o  a  makes  with  the 
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horizontal.     In  fact,  the  tangent  of  this  angle  is  proportional  to 

the  armature  resistance,  for  r  =  -=  —  =  tan  boc. 

c      o  c 

If  this  angle  happened  to  be  45  °,  we  should  know  that  the 

armature  resistance  is  1  ohm,  for  the  tangent  of  45 °  is  1.     In  the 

Fig.  303 
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present  case  the  angle  is  310,  the  tangent  of  which  is  o*6oi ; 
therefore  the  armature  resistance  is  0*601  ohm. 

The  *  external '  characteristic  for  a  shunt-wound  dynamo  is 
very  different,  as  will  be  seen  on  referring  to  fig.  203,  which  is  the 
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curve  obtained  from  a  shunt  machine,  the  vertical  distances  being 
proportional  to  the  potential  difference  at  the  terminals,  and  the 
horizontal  distances  to  the  current  in  the  external  circuit.  As 
before,  the  scale  taken  is  such  that  a  side  of  a  square  represents 
10  volts  or  10  amperes,  as  the  case  may  be.  If  we  suppose  the 
series  of  measurements  to  be  commenced  when  the  external 
circuit  is  disconnected,  and  its  resistance  therefore  infinite,  the 
potential  difference  at  the  terminals  of  the  machine  will  then  have 
its  maximum  value,  and  we  shall  obtain  p,  the  highest  point  on 
the  curve.  With  this  particular  machine  running  at  a  certain 
constant  speed,  the  maximum  potential  difference  happened  to  be 
63*5  volts,  and  as,  of  course,  no  current  could  flow  in  the  external 
circuit,  the  point  p  is  placed  on  the  line  o  y,  at  a  distance  of  63-5 
units  above  o  x.  When  very  high  resistance  is  introduced,  so  as 
to  allow  just  a  feeble  current  to  flow  in  the  external  circuit,  the 
potential  difference  at  the  terminals  falls  slightly,  and  continues 
to  fall  as  the  resistance  is  reduced  and  the  current  consequently 
increased.  At  first  the  amount  of  current  abstracted  from  the 
field- magnet  coil  makes  but  little  difference  to  the  strength  of  the 
field,  and  therefore  the  potential  difference  falls  but  slightly.  But 
when  the  external  resistance  is  so  low  that  the  current  becomes 
about  20  amperes,  the  amount  abstracted  from  the  shunt  begins 
to  have  a  very  decided  effect  upon  the  strength  of  the  field.  The 
potential  difference  at  the  terminals  or  brushes  then  falls  con- 
siderably, and,  the  current  remaining  fairly  constant  during  a 
small  range,  the  effect  is  seen  in  the  curve  as  a  sudden  bend 
downwards — almost,  in  fact,  a  perpendicular  line.  The  resistance 
being  still  further  reduced,  not  only  does  the  potential  difference 
fall,  but  also  the  current,  giving  the  curve  a  turn  backwards ;  until 
presently  the  field-magnets  lose  their  magnetism,  and  when  the 
terminals  are  short-circuited  the  curve  terminates  in  the  point  o, 
potential  difference  and  current  being  then  reduced  to  nil.  As 
the  field-magnets,  however,  rarely  lose  the  whole  of  their  mag- 
netism, a  feeble  current  usually  continues  to  flow  after  the 
terminals  have  been  short-circuited,  so  that  the  curve  may  really 
end  at  a  point  some  little  distance  from  o  along  the  line  o  x. 

This  curve  was  obtained  from  a  machine  of  early  design,  and 
it  would  not  by  any  means  be  considered  a  satisfactory  result  at 
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the  present  time.  It  is  retained,  however,  because  it  shows  the 
effect  of  defective  design  more  clearly  than  would  a  curve  obtained 
from  a  modern  shunt  dynamo.  The  sudden  drop  in  the  potential 
difference  at  the  brushes  is  due  chiefly  to  the  armature  resistance 
being  too  high  and  the  field-magnets  not  being  sufficiently  power- 
ful. Both  of  these  defects  show  up  more  decidedly  as  the 
armature  current  is  increased,  and  the  effect  of  the  armature  field 
on  a  feeble  field  due  to  the  field-magnets  has  already  been  dealt 
with.  Excessive  resistance  in  the  armature  not  only  causes  a 
great  loss  of  power  therein,  but  it  renders  the  maintenance  of  even 
an  approximately  constant  potential  at  the  brushes  impossible 
unless  either  the  speed  of  rotation  or  the  strength  of  the  field  be 
increased  with  the  increase  of  current  taken  from  the  machine. 
Suppose,  for  example,  a  shunt-wound  machine,  driven  at  a  constant 
speed  throughout,  develops  an  external  potential  difference  of 
100  volts  when  the  external  circuit  is  open  or  disconnected.  This 
will  be  almost  equal  to  the  total  electro-motive  force  developed  by 
the  machine,  since  the  current  then  flowing  through  the  armature — 
viz.  that  taken  by  the  shunt  coils— will  in  any  case  be  so  small  as 
to  make  the  fall  of  potential  along  the  armature  inconsiderable. 
If  now  the  external  circuit  be  closed  through  a  comparatively  low 
resistance,  the  potential  difference  at  the  brushes  will  fall,  and  the 
extent  of  the  fall  will  largely  depend  upon  the  value  of  the  arma- 
ture resistance.  Suppose,  for  example,  the  armature  resistance 
to  be  as  high  as  0*5  ohm,  and  the  resistance  of  the  external 
circuit  to  be  also  05  ohm,  the  fall  of  potential  along  the  armature 
will  be  equal  to  that  in  the  external  circuit ;  and  since  the  total 
e.m.f.  developed  cannot  exceed  that  developed  before  the  external 
circuit  was  closed,  the  potential  difference  at  the  brushes  cannot 
possibly  exceed  50  volts.  As  a  matter  of  fact,  the  potential 
difference  will  be  considerably  less  than  50  volts,  because  the 
value  of  the  current  passing  through  the  field-magnet  coils  depends 
upon  the  potential  difference  at  the  brushes;  and  when  this  is 
reduced  the  current  through  the  shunt  coils,  and  therefore  also 
the  strength  of  the  field  and  the  total  E.M.F.  developed,  will  be 
correspondingly  reduced.  If,  on  the  other  hand,  the  armature 
resistance  were  but  one-hundredth  of  an  ohm,  not  only  would  the 
current  strength  with  a  total  e.m.f.  of  100  volts  be  much  greater, 
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but  the  fall  of  potential  along  the  armature  would  now  be  rather 
less  than  two  volts,  leaving  rather  more  than  98  volts  potential 
difference  at  the  brushes,  and  this  small  drop  would  not  greatly 
affect  the  strength  of  the  field.  In  fact,  were  it  possible  to  con- 
struct an  armature  with  absolutely  no  resistance,  there  would 
(neglecting  for  the  moment  the  distortion  of  the  field  by  the 
armature  current)  be  no  fall  of  potential  along  the  armature  at  all, 
and  the  total  e.m.f.  developed  would  be  available  at  the  brushes, 
whatever  the  strength  of  the  current  might  be.  Such  a  result  is 
of  course  unattainable,  but  very  good  shunt  machines  are  now 
frequently  constructed  with  a  powerful  field  and  an  armature  of 
very  low  resistance  ;  and  the  slight  regulation  which  is  then  required 
in  order  to  maintain  a  constant  potential  difference  at  the  brushes 
is  effected  by  means  of  a  set  of  resistance  coils  placed  in  series 
with  the  shunt  or  field-magnet  winding.  When  the  external 
resistance  is  considerably  lowered,  thus  increasing  the  current 
strength  and  tending  to  lower  the  potential  difference  at  the 
brushes,  some  of  these  resistance  coils  are  cut  out  of  circuit ;  the 
strength  of  the  field  is  thereby  increased,  and  the  potential 
difference  can  thus  be  kept  up  to  the  standard.  The  desired 
result  can  also  be  obtained  by  increasing  the  speed  of  rotation, 
and  this  method  is  sometimes  adopted.  Large  machines  can  now 
be  constructed  with  such  a  low  armature  resistance  that  they  are 
sufficiently  self-regulating  over  a  considerable  range;  it  will  be 
explained  later  on  that  one  method  of  obtaining  a  very  low 
armature  resistance  is  by  connecting  the  armature  conductors  so 
that  they  are  divided  into  four  or  even  more  sets  placed  in  parallel 
between  the  brushes,  instead  of  only  two  sets  ;  and  the  results  are 
so  satisfactory  that  it  would  not  be  possible  to  experimentally 
obtain  a  complete  characteristic  curve,  such  as  that  shown  in 
fig.  203,  from  one  of  these  modern  shunt-wound  dynamos.  The 
curve  would  remain  approximately  horizontal  for  a  considerable 
distance  from  the  point  p,  falling  very  gradually ;  and  the  sudden 
bend  downwards  would  not  be  reached  until  the  current  had 
become  too  strong  for  the  armature  conductors  to  carry  it  with 
safety. 

Although  these  characteristics  give   us  a  clear  idea  of  the 
manner  in  which  the  external  potential  varies  with  a  variation  in 
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the  current  strength,  we  can  better  understand  the  method  of 
combining — or,  technically  speaking,  €  compounding ' — the  series 
and  shunt  windings  to  obtain  self-regulation,  by  constructing  and 
comparing  other  curves,  which  show  how  the  external  potential 
difference  and  the  external  resistance  vary  together,  both  in  a 
series  and  in  a  shunt  machine.  As  before,  the  ordinates  (fig.  204) 
represent  volts,  but  the  abscissae  now  represent  ohms.  The  figure 
shows  two  curves,  one  for  a  shunt  and  the  other  for  a  series 
machine,  both  starting  at  or  near  the  line  o  y,  when  the  external 
resistance  is  very  low.     In  the  case  of  the  shunt  machine,  the 


Ohms 


curve  shows  the  potential  difference  to  be  very  low  at  first, 
gradually  rising  for  a  short  distance  as  the  external  resistance  is 
increased,  until  at  a  certain  stage  it  ascends  suddenly,  this,  as  we 
know,  occurring  when  the  external  resistance  is  high  enough  to 
allow  the  field-magnets  to  become  strongly  magnetised.  On  the 
other  hand,  the  curve  from  the  series  machine  is  at  its  highest 
point  b  when  the  resistance  is  low,  and  it  falls  almost  in  the  same 
manner  as  the  other  curve  rises.  The  series  curve  can  hardly  start 
on  the  line  o  y,  because,  of  course,  when  the  resistance  between 
the  terminals  is  nil  no  difference  of  potential  can  exist  at  the 
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brushes,  but  it  quickly  reaches  the  highest  point  as  the  resistance  is 
increased,  and  then  rapidly  falls  as  the  further  increase  of  resistance 
reduces  the  current  sufficiently  to  considerably  weaken  the  field. 
Now,  if  in  one  machine  it  is  possible  so  to  proportion  the  shunt 
and  series  windings  that  the  maximum  effect  of  the  series  coil  is 
about  equal  to  the  maximum  effect  of  the  shunt  coil,  and  also  that 
the  effect  of  the  series  coil  diminishes  in  the  same  proportion  as  the 
effect  of  the  shunt  coil  increases,  these  two  windings  will  counter- 
balance each  other  through  a  considerable  variation  of  external 
resistance,  and  the  result  will  be  a  constant  external  potential 
difference.  The  first  condition  would  make  the  height  of  tfce 
highest  points  on  each  curve  equal ;  while  if  the  second  condition 
were  attained,  the  slope  downward  of  the  one  curve  would  exactly 
correspond  to  the  slope  upward  of  the  other.  And  at  any  point 
such  as  e,  the  potential  difference  due  to  the  series  coil  added  to 
that  due  to  the  shunt  coil — that  is,  e  f  +  e  g — should  give  us  the 
vertical  line  e  h  equal  to  the  height  of  the  highest  point  on  each 
curve.  Likewise,  the  point  of  intersection  a  should  be  midway 
between  b  d  and  o  x,  and  the  heights  of  the  two  curves  added 
together  throughout  should  produce  the  straight  line  B  d.  Then 
the  potential  difference  at  the  terminals  being  constant,  the 
current  will  vary  regularly  with  the  resistance,  and  we  shall  con- 
sequently obtain  a  straight  line  for  the  characteristic  curve  of  the 
compound-wound  machine.  It  is  evident  that  if  the  series  coil 
acts  too  powerfully  the  effect  will  be  to  raise  the  point  b — that  is, 
to  make  the  potential  difference  at  the  brushes  higher  when  the* 
external  resistance  is  low  and  the  current  strong,  than  when  the 
external  resistance  is  higher,  and  vice  versa. 

Since,  however,  the  effect  of  an  alteration  of  the  speed  of 
rotation  of  the  armature  is  so  different  in  the  case  of  a  series  as 
compared  with  a  shunt  machine,  a  dynamo  compounded  in  the 
manner  just  described  is  only  self-regulating  at  approximately  the 
speed  for  which  it  was  designed •  for  at  any  other  speed  the  two 
windings  do  not  compensate  each  other.  If,  for  instance,  in 
the  case  of  a  series  machine,  the  speed  were  doubled  and  the 
external  resistance  increased  sufficiently  to  keep  the  current 
the  same,  the  strength  of  field  would  remain  unaltered  and  the 
E.M.F.  would  be  increased  twofold  by  the  double  speed.     On 


Compound  Dynamo 


405 


the  other  hand,  if,  with  a  shunt  dynamo,  by  increasing  the  external 
resistance  we  maintain  the  external  current  constant  when  the 
speed  is  doubled,  the  current  in  the  shunt  coil,  and  therefore 
the  strength  of  the  field,  increases  instead  of  remaining  the  same, 
as  does  that  of  a  series  dynamo.  While,  if  at  the  doubled 
speed  the  resistance  were  reduced  to  make  the  current  in  the 
shunt  coil  the  same  as  at  the  lower  speed,  the  external  current 

Fig.  205 


would  be  greatly  increased  in  strength.  Therefore,  because  of 
these  different  effects  of  an  alteration  of  speed  on  the  series  and 
shunt  windings,  the  dynamo  can  only  regulate  perfectly  when 
driven  at  or  near  the  particular  speed  for  which  it  was  com- 
pounded. In  practice  the  speed  at  which  the  machine  is  to  run  is 
usually  determined  beforehand ;  then  at  this  speed  the  shunt  coils 
alone  must  be  able  to  provide  a  sufficiently  strong  field  to  develop 
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at  the  terminals  the  required  potential  difference  when  the  external 
circuit  is  disconnected,  while  when  the  external  resistance  is  made 
as  low  as  it  ever  will  be  in  actual  working,  the  ampere-turns  in 
series  should,  with  the  assistance  of  the  shunt  coil,  be  able  to 
maintain  this  same  field. 

The  connections  of  a  compound-wound  dynamo,  and  the  paths 
taken  by  the  current  through  its  coils,  are  typically  illustrated  in 
fig.  205.  As  in  previous  similar  figures,  Bt  bs  are  the  brushes. 
At  b,  the  current  generated  in  the  armature  divides,  part  going 
through  the  shunt  coils  wound  on  the  lower  parts  of  the  limbs  of 
the  field-magnet  and  thence  returning  to  the  brush  b2  ;  the 
remainder  passes  through  the  external  circuit  r,  then  round  the 
series  coils  on  the  upper  part  of  the  field-magnet,  and  thence  to 

the  brush  bs.     The  shunt 
p  coils  are  wound  with  com- 

paratively fine  wire,  but,  of 
course,  the  resistance  of 
the  series  coils  must  be 
kept  very  low  as  they  carry 
the  main  current,  and  they 
are  composed,  therefore,  of 
a  few  turns  of  very  thick 
wire.  The  relative  posi- 
tions of  the  two  sets  of  coils 
is  not  always  that  shown, 
the  series  coil  being  sometimes  wound  outside  and  sometimes 
inside  the  shunt  coil ;  but  this  not  very  important  point  is  decided 
by  convenience  in  construction  rather  than  by  theory.  To  render 
the  path  of  the  current  even  more  easily  understood,  fig.  206  is 
added ;  R  is  the  external  circuit,  d  the  armature,  s  the  shunt  coil, 
and  p  the  series  coil. 

In  some  cases  a  machine  is  designed  to  produce  the  result 
referred  to  above — that  is,  to  make  the  potential  difference  at 
the  brushes  higher  when  the  external  resistance  is  low  and  the 
current  strong,  than  when  the  external  resistance  is  comparatively 
great  and  the  current  feeble.  T^et  it  be  supposed,  for  example, 
that  a  large  and  varying  number  of  lamps  joined  in  parallel  have 
to  be  supplied  from  a  dynamo  at  a  considerable  distance  away, 
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in  which  case  the  resistance  of  the  main  leads  would  be  compara- 
tively high,  say  one-tenth  of  an  ohm.  If  the  maximum  current 
were  100  amperes,  the  fall  of  potential  between  the  machine 
and  the  lamps  would  be  100  x  -i  =  10  volts;  but  when  only  one- 
tenth  of  the  lamps  are  in  use  the  current  would  be  10  amperes, 
and  the  fall  of  potential  in  the  mains  only  10  x  1  =  1  volt.  From 
this  it  is  clear  that  if  the  lamps  required  a  potential  difference 
of  100  volts,  a  machine  which  could  simply  maintain  a  potential 
difference  of  100  volts  between  its  brushes  would  be  unsuitable. 
But  if  its  series  coils  were  made  to  preponderate  over  the  shunt 
coils  in  the  manner  indicated,  and  to  such  an  extent  that 
no  volts  were  developed  with  a  current  of  100  amperes  in  the 
main  circuit,  the  loss  on  the  mains  would  be  compensated  for 
and  the  lequisite  potential  difference  at  the  lamps  would  be  main- 
tained. A  machine  so  constructed  is  said  to  be  'over-com- 
pounded,' that  is,  instead  of  the  resultant  characteristic  of  the 
machine  being  a  horizontal  straight  line  as  shown  in  fig.  183,  it 
would  be  a  line  sloping  upwards  from  d  towards  the  axis  of  y. 

The  over-compounding  of  a  machine  is  also  of  service  in 
compensating  for  the  slowing  down  of  its  driving-engine  or  the 
slipping  of  the  driving-belt  if  one  is  employed,  both  of  which 
effects  are  usually  appreciably  greater  as  the  current  taken  from 
the  dynamo  increases. 

The  combination  of  shunt  and  series  coils  for  the  field-magnet 
as  described  is  the  method  frequently  adopted  to  obtain  a  constant 
external  potential,  notwithstanding  variations  in  the  external 
circuit  We  shall  not  refer  to  any  other  methods,  many  of  which 
are  only  theoretically  possible,  but  may  briefly  mention  some 
interesting  experiments  of  the  Drs.  Hopkinson  which  bear  some- 
what upon  this  point  They  disconnected  the  field-magnet  coils 
of  a  certain  machine,  and,  having  placed  the  brushes  in  the  posi- 
tion for  an  undistorted  field,  connected  them  to  the  terminals  of 
a  Siemens  dynamometer.  Then,  when  the  armature  was  driven 
at  1380  revolutions  per  minute,  the  current,  due  solely  to  residual 
magnetism,  was  52  amperes;  but  on  giving  the  brushes  a  slight 
forward  lead,  the  current  fell  almost  to  zero,  because  the  field 
due  to  the  current  in  the  armature  was  then  opposing  that 
maintained  by  the  residual  magnetism.     But  when  a  backward 
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lead  was  given  to  the  brushes,  the  polarity  of  the  armature  was 
shifted  round  so  as  to  enhance  the  residual  magnetism  in  the 
pole-pieces;  the  armature,  in  fact,  now  generated  its  own  field, 
and  a  current  of  234  amperes  was  obtained.  Since  the  field  in 
such  a  case  is  almost  proportional  to  the  current  flowing  in  the 
armature,  which  increases  as  the  external  resistance  falls,  such  an 
arrangement  would  regulate  for  constant  potential ;  but  it  is  not 
practicable  owing  to  the  destructive  sparking  which  arises  in 
consequence  of  the  coils  being  short-circuited  by  the  brushes 
while  fairly  active. 

It  should  always  be  borne  in  mind,  however,  that  the  range 
over  which  a  simple  shunt-wound  machine  is  self-regulating 
increases  as  the  armature  resistance  is  diminished ;  and  as  in 
many  modern  machines,  more  particularly  large  ones,  such  as 
those  employed  for  Central  Station  work,  the  armature  resistance 
is  exceedingly  low,  compound  winding  is  not  resorted  to  so  often 
as  might  otherwise  be  expected. 

We  have  seen  that  it  is  possible  and  at  times  necessary  to 
connect  primary  cells,  sometimes  in  series  and  sometimes  in 
parallel ;  the  former  device  being  adopted  when  an  increase  in 
electro-motive  force  is  desired,  and  the  latter  when  it  is  sought  to 
obtain  an  increased  current  strength  due  to  the  reduced  internal 
resistance.  In  just  the  same  way  it  is  sometimes  necessary  to 
join  two  or  more  dynamos,  either  in  series  or  in  parallel,  to  feed 
the  same  circuit.  Connection  in  series  is  usually  adopted  on 
a  constant-current  circuit,  such  as  an  arc-light  circuit  where  all  the 
lamps  are  joined  in  series,  and  a  current  of,  say,  10  amperes  is 
required  through  each.  Series-wound  machines,  of  a  special 
type  to  be  presently  described,  are  employed  for  such  a  purpose, 
and  little  difficulty  need  be  experienced  in  throwing  a  second 
machine  in  circuit  while  the  first  is  running,  without  interfering 
with  the  lamps.  For  example,  in  fig.  207,  suppose  the  machine 
b  to  be  working  at  nearly  its  full  capacity,  and  that  more  lamps 
are  wanted  in  circuit ;  it  then  becomes  necessary  to  throw  the 
second  machine  a  in  series  with  b  to  provide  the  required 
increase  in  electro-motive  force.  Now  if  the  machine  a  which  is 
at  rest  be  joined  up  as  shown  in  the  figure,  but  with  its  field- 
magnet  coils  short-circuited,  the  whole  of  the  current  will  pass 
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through  the  short-circuiting  connection  and  through  the  armature, 
the  field  not  becoming  excited,  so  that  the  machine  cannot  start 
as  a  motor.  The  armature  which  is  then  carrying  the  full  current 
of,  say,  10  amperes  can  then  be  driven  up  to  its  proper  speed, 
when  the  field-magnet  can  be  thrown  in  circuit,  so  that  this 
machine  can  begin  to  assist  the  other.  The  automatic  regulators 
of  each  machine  (described  in  Chapter  XL)  should  divide  the 
work  between  the  two,  keeping  the  potential  difference  between 
the  terminals  of  one  machine  approximately  equal  to  that  between 
the  terminals  of  the  other.  Better  regulation  is,  however,  ob- 
tained by  so  arranging  matters  that  the  field-magnet  coils  of  the 
two  machines  are  joined  directly  in  series,  and  the  regulating 
shunt  connected  across  the  two,  one  regulator  only  being  employed. 

Fig.  207 


It  is  clear  that,  if  necessary,  the  machine  b  could  be  removed 
from  the  circuit  in  the  same  manner,  by  first  short-circuiting  its 
field-magnet  coils,  and  then  letting  it  run  down,  and  indeed  this 
arrangement  is  usually  adopted  when,  for  example,  a  machine 
shows  signs  of  distress  after  a  long  run  and  requires  overhauling. 
The  second  machine  is  first  inserted  in  circuit,  and  automatically 
takes  an  increasing  proportion  of  the  work  as  the  first  one  is 
slowed  down  and  finally  short-circuited.  Appropriate  switching 
arrangements  are,  of  course,  essential  for  making  these  changes, 
as  the  electro-motive  force  usually  amounts  to  one  or  two  thousand 
volts. 

It  is  needless  to  mention  that  if  the  second  dynamo  were 
incorrectly  joined  in  circuit,  its  field-magnet  would  be  magnetised 
in  the  reverse  direction,  and  the  armature  would,  when  rotated, 
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generate  an  electro-motive  force  opposing  that  of  the  machine 
already  in  circuit. 

When  lamps  are  joined  in  parallel  circuit  between  two  mains,  an 
increase  in  the  number  placed  in  circuit  means  a  reduction  in  the 
resistance  between  the  mains,  and  a  corresponding  increase  in  the 
strength  of  the  current  which  the  dynamo  is  called  upon  to  supply, 
it  being  imperative  that  the  potential  difference  between  the  mains 
shall  remain  unaltered,  notwithstanding  considerable  changes  in  the 
current  strength.  In  such  a  case  any  dynamo  employed  to  assist 
one  already  at  work  must  be  joined  in  parallel  with  it,  and  simple 
shunt  machines  lend  themselves  most  readily  to  such  an  arrange- 
ment A  shunt  machine  while  at  rest  cannot,  however,  be 
switched  on  to  the  circuit  in  parallel  with  a  machine  already 
working  and  maintaining  a  pressure  of,  say,  ioo  volts  between  the 
mains,  because  of  the  enormous  current  which  would  flow  through 
the  stationary  armature.  There  are  two  paths  open  for  such 
a  current  between  the  terminals  of  a  shunt-wound  machine,  one 
through  the  field-magnet  coils  and  the  other  through  the  armature. 
The  armature  resistance  should  be  extremely  low ;  if  it  were  one- 
hundredth  of  an  ohm  the  current  through  it  would  be  no  less  than 
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s  10,000  amperes,  supposing  the  armature  to  remain  at  rest 

and  the  pressure  of  100  volts  to  be  maintained.  Such  a  current 
would,  if  maintained,  even  for  a  comparatively  brief  period,  burn 
up  the  armature,  and  although,  for  reasons  which  will  be  sub- 
sequently explained,  it  would  probably  not  continue  for  any  length 
of  time,  it  is  clear  that  the  risk  of  its  even  starting  must  be  avoided. 
Consequently,  it  is  necessary  to  drive  the  second  machine  up  to 
its  normal  speed,  and  wait  until  its  field-magnets  are  fully  excited 
and  the  pressure  of  100  volts  is  developed  between  its  terminals 
before  switching  it  into  circuit.  An  even  better  plan  is  to  arrange 
the  connections  in  such  a  way  that  the  field-magnet  coils  may  be 
joined  to  the  main  or  '  omnibus '  leads  independently  of  the 
armature. 

Then,  in  order  to  bring  a  second  machine  into  play,  its  field- 
magnet  coils  are  first  joined  across  the  mains,  when  the  potential 
difference  of  100  volts  starts  and  maintains  through  the  coils 
the  requisite  current  to  fully  excite  the  field-magnets.    The  anna- 
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ture  should  then  be  driven  up  to  its  normal  speed,  and  when, 
as  shown  by  a  voltmeter  connected  across  the  brushes,  it  is 
developing  100  volts,  it  can  be  switched  in  circuit,  and  the 
admission  of  steam  to  the  engine  cylinder  increased,  either 
automatically  or  by  hand,  until  the  machine  supplies  its  share  of 
current  to  the  main  circuit  In  fig.  208  two  dynamos  are  shown 
supplying  a  common  pair  of  mains  or  omnibus  bars,  and  of  course 
any  number  of  machines  may  be  so  connected.  It  will  be  noticed 
that  in  each  case  one  brush  and  one  end  of  the  field-magnet  coils  are 
joined  to  the  negative  main  by  a  common  lead,  in  which  a  switch 
may  be  inserted,  while  another  switch  may  be  placed  between 
the  other  brush  and  the  positive  main.  A  third  switch  may  be 
inserted  between  the  positive  main  and  the  field-magnet  coils. 
In  throwing  a  machine  out  of  circuit  the  admission  of  steam 
should  be  reduced  until  the  current  passing  from  the  armature 
falls  to  a  small  amount,  when  the  armature  switch  can  be  opened 
without  any  appreciable  spark  passing.  The  field-magnet  coil 
should  then  be  disconnected,  but  if  this  were  done  without  any 
precaution  being  adopted  to  prevent  it,  a  considerable  spark 
would  occur  at  the  switch  contact-point,  on  account  of  the  high 
self-induction  of  the  field-magnet.  It  is  therefore  advisable  to 
first  shunt  the  field-magnet  coils  by  a  non-inductive  resistance  of 
approximately  the  same  value,  and  then,  when  the  circuit  with 
the  positive  main  is  broken,  the  extra  current  will  circulate  in  this 
shunt  and  die  away,  thus  preventing  any  appreciable  spark  at  the 
contacts  of  the  switch. 

In  one  of  the  large  public  supply  stations  a  number  of  shunt- 
wound  machines  are  worked  in  parallel,  and  an  automatic  switch 
is  placed  between  each  armature  and  one  of  (he  mains,  as  shown 
at  b  in  fig.  208.  This  switch  consists  of  a  lever  carrying  a  soft- 
iron  armature  or  keeper,  and  an  inverted  U-shaped  copper  con- 
necting piece,  both  on  the  same  side  of  the  point  at  which  the 
lever  is  pivoted.  When  this  end  of  the  lever  is  depressed  the 
legs  of  the  f)  dip  into  mercury  cups  and  thus  complete  the 
armature  circuit,  which  passes  once  round  two  soft-iron  cores 
placed  under  the  soft-iron  keeper.  When  the  machine  is  being 
started  this  connection  is  made  by  hand,  and  directly  the  current 
starts  the  soft-iron  cores  attract  the  soft-iron  keeper  and  hold 
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this  end  of  the  lever  down,  thus  maintaining  the  circuit.  Should 
the  current  fall  below,  say,  25  amperes,  a  weight  at  the  other  end 
of  the  lever  operates  and  immediately  breaks  the  circuit,  so  that 
not  only  is  the  armature  automatically  disconnected  at  the  right 
moment  when  the  engine  is  slowed  down  for  the  purpose  of 
throwing  a  particular  machine  out  of .  circuit,  but  a  like  discon- 
nection also  occurs  should  any  accident  happen  to  either  the 
engine  or  the  machine. 

Fig.  208 


Compound  machines  are  also  sometimes  worked  in  parallel, 
but  the  arrangement  is  necessarily  more  complicated,  and  the 
liability  to  accident  when  making  changes  greater,  than  in  the 
case  of  shunt  machines.  The  method  of  connecting  devised  by 
Mr.  W.  M.  Mordey  and  illustrated  in  fig.  209  is  probably  the 
best,  and  is  certainly  satisfactory  when  the  machines  are  similar. 
Two  machines  are  shown  in  the  figure,  connected  across  the 
positive  and  negative  main  leads,  from  which  the  lamp  circuits 
may  be  tapped  off,  the  object  being,  of  course,  to  enable  the  load 
to  be  equally  divided  between  the  machines.     One  end  of  each  of 


CHAP.  IX 


Compound  Dynamos  in  Parallel 


413 


the  series  coils  f,  f9  is  shown  connected  to  the  positive  main,  the 
other  ends  being  directly  joined  together  by  the  wire  p  q.  One 
end  of  the  shunt  coil  s,  is  also  connected  to  p,  and  the  corre- 
sponding end  of  the  shunt  coil  s2  to  Q,  the  other  ends  being 
joined  to  the  negative  main.  The  points  p  and  Q  are  always  at 
the  same  potential,  or  if  not  an  equalising  current  will  at  once 
flow  between  them,  and  the  consequence  is  that  the  difference  of 
potential  between  the  ends  of  the  two  series  coils  is  always  prac- 

Fig.  209 


tically  the  same,  and  the  currents  passing  through  them  must  be 
equal  if  their  resistances  are  equal ;  and  also  the  potential  difference 
between  the  ends  of  the  two  shunt  coils  is  the  same  and  the 
currents  in  them  will  be  equal  if  their  resistances  are  equal. 
Therefore  the  strength  of  field  will  be  the  same  for  both  machines, 
and  they  will  equally  share  the  work  when  driven  at  the  same 
speed. 

Should  the  machines  be  unequal  the  matter  is  not  quite  so 
simple,  as  among  other  things  the  resistances  of  the  shunt  and 
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series  coils  of  the  two  machines  must  be  so  proportioned  that 
each  will  get  the  requisite  amount  of  current  to  excite  the  field- 
magnets  up  to  their  proper  value. 

It  is  evident  that  as  the  object  of  the  wire  p  q  is  to  keep  the 
two  points  p  and  q  at  the  same  potential,  it  must  be  of  sufficiently 
low  resistance  to  prevent  any  appreciable  fall  of  potential  along  it, 
notwithstanding  the  flow  of  an  equalising  current  of  considerable 
strength. 

b,,  b9,  c,,  c2,  and  d  represent  switches  to  facilitate  the  throwing 
in  and  out  of  circuit  of  either  machine.  Suppose  a2  is  required  to 
be  brought  into  play  while  A!  is  working ;  d  and  then  c2  should  be 
closed  so  that  currents  flow  in  the  proper  direction  through  ss  and 
F2  to  excite  the  field-magnet  coils,  and  then,  the  armature  being 
run  up  to  the  required  speed,  its  switch  b2  may  be  closed,  and  the 
machine  then  takes  up  its  proportion  of  the  work. 
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CHAPTER  X 
direct-current  dykamos — continued 

We  will  now  illustrate  and  describe  a  few  typical  direct-current 
dynamos,  directing  attention  in  each  case  to  those  details  which 
are  likely  to  prove  most  instructive  in  showing  how  theoretical 
principles  are  applied,  and  how,  in  practice,  mechanical  and 
economical  considerations  sometimes  cause  a  deviation  from 
forms  which  a  narrow  theory  might  show  to  be  the  best. 

The  student  is  recommended  to  pay  particular  attention  to 
the  methods  adopted  for  securing  mechanical  strength  and  dura- 
bility. It  may  be  observed,  for  example,  that  it  is  quite  as 
important  to  prevent  the  conductor  being  stripped  from  an 
armature  as  to  efficiently  insulate  it.  Again,  while  a  waste  of 
power,  such  as  is  evidenced  by  the  heating  of  the  iron  core  by 
eddy  currents,  is  to  be  deprecated,  any  waste  which  shows  itself 
in  such  a  manner  as  the  undue  heating  of  bearings  is  equally,  or 
even  more,  to  be  avoided.  In  both  cases  the  power  applied  to 
the  shaft  is  wasted — in  the  former  case  after,  and  in  the  latter  case 
before,  it  has  been  transformed  into  electrical  power. 

Fig.  210  illustrates  a  dynamo  with  an  armature  of  the  Gramme 
ring  type,  the  fteld  being  produced  by  an  inverted  horseshoe 
electro-magnet,  and,  although  this  type  is  not  now  manufactured 
in  large  numbers,  there  are  a  great  many  still  in  operation.  This 
particular  machine  is  compound-wound,  and  the  arrangement  is 
therefore  similar  to  that  depicted  in  fig.  205.  A  vertical  section 
of  the  machine  at  right  angles  to  the  shaft  is  given  in  fig.  211. 
The  bed-plate  is  of  cast  iron  and  includes  a  solid  piece,  d,  in  the 
centre,  directly  under  the  armature  and  field-magnet,  to  form  the 
yoke  of  the  latter.  But  wrought  iron  is  employed  for  that  portion 
of  the  cores  round  which  the  field-magnet  coils  are  wound,  each 
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core,  w  w,  consisting  of  a  slab  of  soft  hammered  scrap-iron ;  thus 
giving  the  advantage,  previously  referred  to,  of  economising  copper 
wire  by  obtaining  the  requisite  magnetic  conductivity  with  the  mini' 
mum  sectional  area.  The  pole-pieces,  f  p,  are  of  grey  cast  iron,  and 
the  sectional  area  of  all  the  cast-iron  portions  is  made  greater  than 
that  of  the  wrought- iron  portions  to  compensate  for  the  lower 
permeability  as  compared  with  that  of  the  excellent  iron  forming 


the  core.  The  cast-iron  pole-pieces  are  here  tapered  away  to  the 
top,  the  idea  being  that  the  number  of  lines  of  force  to  be  trans- 
mitted is  less  in  the  upper  than  in  the  lower  portion,  but  this  is 
not  good  practice,  as  any  considerable  reduction  of  the  area  of 
the  magnetic  circuit  in  this  manner  tends  to  make  the  field 
through  the  armature  stronger  at  the  lower  part  than  at  the  upper, 
with  the  result  that  there  may  be,  especially  in  large  machines, 
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a  considerable  downward  pull  on  the  armature.  In  later 
machines  of  this  type  the  section  of  the  iron  is  reduced  only 
slightly,  if  at  all. 

Two  long  bolts  pass  through  each  of  the  pole-pieces  and  the 
wrought-iron  cores,  screwing,  at  their  lower  extremities,  into  the 
solid  portion  of  the  bed-plate  which  forms  the  yoke-piece,  and 
thus  holding  these  parts  firmly  together.  The  coils  are  wound  so 
as  to  leave  a  space  between  the  wire  and  the  outer  face  of  the 
wrought-iron  core,  as  shown  at  a  a  in  the  figure,  forming  thereby 
a  means  of  ventilation  ;  for  as  the  wire  gets  warm  its  heat  is  im- 
parted to  the  air  inside  this  space,  and  this  air  rising,  a  constant 
circulation  is  maintained  and  the  heat  carried  off  by  a  steady 
draught  of  cold  air. 

In  the  particular  machine  illustrated  the  thick  or  series  coil  of 
the  electro-magnet  consists  of  twenty-five  convolutions  of  copper 
strand,  composed  of  nineteen  No.  15  wires  (standard  wire  gauge), 
a  stranded  conductor  being  much  more  flexible  and  more  con- 
venient to  wind  than  a  massive  solid  one,  although  it  occupies  a 
little  more  space.  Over  this  is  wound  the  shunt  coil,  which  con- 
sists of  2712  turns,  its  resistance  being  20*6  ohms.  In  order  to 
afford  a  convenient  means  of  obtaining  this  resistance  with  this 
particular  number  of  convolutions,  two  sizes  of  wire  are  employed 
— viz.  Nos.  15  and  16,  s.w.g. — the  respective  lengths  of  these  two 
wires  being  adjusted  to  satisfy  the  conditions.  The  armature  of 
this  machine  is  constructed  similarly  to  that  illustrated  in  fig.  189. 

The  speed  of  the  machine  is  1050  revolutions  per  minute,  at 
which  it  is  capable  of  giving  a  current  of  75  amperes,  with  a 
potential  difference  at  its  terminals  of  100  volts. 

The  brushes  are  fixed  in  adjustable  holders,  which  are  carried 
by  the  horizontal  arms  projecting  from  the  rocking  lever,  as  shown 
in  fig.  210.  This  lever  is  provided  with  an  insulating  handle,  by 
means  of  which  it  can  be  rotated  in  either  direction  round  the 
axis  of  the  shaft,  thus  affording  facilities  for  altering  the  lead  of 
the  brushes  to  suit  the  requirements.  Each  brush  can  also  be 
fed  through  its  holder  while  the  machine  is  running  by  means 
of  a  '  feed '  screw.  The  lever  is  carried  on  a  projection  from  the 
standard  supporting  the  bearing,  and  is  made  in  two  pieces  bolted 
together,  so  that  it  can  be  readily  tightened  up  on  its  bearing,  or, 
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if  necessary,  removed.  The  horizontal  arms  are  insulated  from 
the  lever  by  hard  fibre  collars ;  and,  in  addition  to  the  feeding 
screws,   spiral   springs,  with  adjusting  screws,  are  provided  for 


varying  the  pressure  of  the  brushes  on  the  commutator,  the  pres- 
sure being  always  as  light  as  is  consistent  with  reliable  contact. 

In  fig.  212  is  illustrated  the  Edison-Hopkinson  dynamo,  which 
differs  from  the  machine  just  described  in  that  the  armature  is 
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placed  at  the  lower  ends  of  the  field-magnet  cores ;  an  arrange- 
ment which  has  the  disadvantage  that  the  iron  bed-plate  more  or 
less  magnetically  short-circuits  the  pole-pieces,  and  affords  a  path 
through  which  some  of  the  lines  of  force  leak,  instead  of  passing 
through  the  armature.  On  the  other  hand,  there  is  the  advantage 
that  the  centre  of  gravity  of  the  moving  parts  is  kept  low,  thus 
adding  to  the  stability  of  the  machine ;  and  also  in  some  cases 
affording  facilities  for  driving  direct  from  a  steam-engine  fixed 
upon  the  same  bed-plate.  The  type  of  machine  is  one  which  is 
not  now  used  to  any  great  extent,  but  it  is  allowed  to  retain 
its  position  in  this  chapter  because  of  the  important  lessons 
which  may  be  derived  from  a  study  of  its  details.  The  leakage 
above  referred  to  is  reduced  by  interposing  a  massive  slab  of 
zinc  between  the  pole:pieces  and  bed-plate.  We  will  endeavour 
presently  to  see  to  what  extent  this  is  successful. 

Each  of  the  circular  field-magnet  cores,  together  with  its  pole- 
piece,  is  a  single  forging  of  wrought  iron ;  the  yoke  is  also  of 
wrought  iron,  rectangular  in  shape  and  very  massive  ;  it  is  secured 
to  the  cores  by  two  bolts,  the  surfaces  in  contact  being  made  to 
fit  truly,  so  as  to  avoid,  as  far  as  possible,  the  introduction  of 
any  magnetic  resistance.  The  armature-shaft  bearings  are  of 
phosphor-bronze,  and  are  carried  by  short  cast-iron  standards 
bolted  on  to  the  bed- plate.  The  armature  is  drum-wound,  and  its 
core  is  built  up  of  thin  discs,  insulated  with  paper,  and  threaded 
on  to  the  Bessemer  steel  shaft  Two  thick,  stiff  end-plates  hold 
the  core  discs  in  position,  one  bearing  against  a  washer  which  is 
shrunk  on  to  the  shaft,  while  the  other  is  driven  up  tight  by  a  large 
nut.  There  are  forty  sections  in  the  armature  of  the  machine 
illustrated,  each  of  one  convolution,  and  the  conductor  consists  of 
thick  copper  bars  insulated  with  prepared  rubber  tape,  the  cross- 
connections  being  made  with  stiff  copper  strips.  These  strips, 
the  outer  set  of  which  can  be  seen  in  the  figure,  are  led  round 
spirally  to  the  segments  of  the  40-bar  commutator  in  such  a 
manner  that  a  coil  whose  plane  is  vertical  is  connected  to  segments 
which  lie  near  the  horizontal,  and,  consequently,  the  diameter  on 
which  the  brushes  are  set  is  nearly  parallel  with,  instead  of  at 
right  angles  to,  the  direction  of  the  lines  of  force  through  the 
armature. 
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The  machine  is  shunt-wound,  the  wire  composing  the  field- 
magnet  coils  being  rectangular  in  section,  thus  reducing  the  waste 
space  between  the  adjacent  convolutions.  The  terminals  of  the 
machine  are  fixed  to  boards  mounted  on  the  pole-cheeks,  and  the 
marked  difference  in  the  size  of  the  massive  conductor  which 
carries  the  whole  current  from  the  brush-bar  to  the  terminal, 
compared  with  the  thinner  shunt-wire  which  passes  up  the  sides 
of  the  field-magnet  coils,  will  be  observed.  When  driven  at 
475  revolutions  per  minute,  this  machine,  which  weighs  about 
4^  tons,  is  capable  of  developing  52,500  watts  (105  volts,  500 
amperes),  and  on  account  of  the  low  resistance  of  the  armature  it 
is  practically  self-regulating  through  a  considerable  range.  Each 
brush-holder  carries  five  copper  wire-gauze  brushes,  all  adjustable 
independently,  and  by  this  means  a  sufficiently  large  bearing 
surface  upon  the  commutator  is  obtained  without  introducing  any 
difficulty  in  compensating  for  unequal  wear,  such  as  would  arise 
if  one  undivided  brush  were  employed. 

Some  shunt-wound  machines  of  this  type,  built  for  Central 
Station  work,  on  the  *  three  wire'  system  were  constructed  to 
develop  a  potential  difference  of  410  volts.  In  each  case  the 
armature  conductors  consisted  of  stranded  copper  bars,  the  arma- 
ture resistance  being  0*0117  ohm.  The  resistance  of  the  shunt 
coils  was  527  ohms,  so  that  the  current  through  these  coils  was 

*  *  °  =z  7-78  amperes.     At  a  speed  of  400  revolutions  per  minute 

the  current  developed  was  590  amperes,  representing  an  output  of 
about  242  kilowatts.  The  weight  of  the  armature  was  2  tons 
19  cwt,  and  of  the  whole  machine  24  tons  8  cwt.  When  tested, 
the  electrical  efficiency  at  full  load  was  found  to  be  97*2  per  cent, 
and  the  commercial  efficiency  95  per  cent. 

This  dynamo  is  interesting  from  the  fact  that  it  has  been 
carefully  studied  and  tested  by  the  Drs.  Hopkinson,  the  results 
having  been  published  in  various  papers.  The  object  of  the 
tests  was  (a)  to  endeavour  to  gain  such  information  as  would 
enable  the  performance  of  a  dynamo  to  be  predicted,  when  its 
configuration  and  the  various  dimensions  and  qualities  of  the 
material  employed  (especially  the  iron)  are  known ;  and  therefore 
(b)  to  enable  any  machine  desired  to  give  certain  results  at  a 
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certain  speed  to  be  designed  with  a  greater  degTee  of  accuracy 
than  had  previously  been  obtained. 

We  know  that  in  every  machine  more  lines  of  force  are 
generated  than  actually  pass  through  the  armature  core,  the 
difference  being  caused  by  leakage  at  various  points. 

We  will  briefly  describe  one  portion  of  the  experiments,  with 
the  view  of  enabling  the  student  to  better  judge  of  the  amount 
and  locality  of  such  leakage  in  any  given  machine. 

The  portion  of  the  experiments  referred  to  consisted,  in  the 
first  place,  of  determining  exactly  the  ratio  of  the  lines  of  force 
generated  in  the  field-magnet  to  the  lines  passing  through  the 


armature  core.  This  ratio  will,  of  course,  always  be  greater  than 
unity,  and  may  be  denoted  by  v. 

In  fig.  zr3  a  machine  with  rectangular  cores  is  shown  in 
section,  and  lines  of  force  are  sketched  to  roughly  indicate  the 
principal  paths  of  the  leakage.  Some  of  the  lines  pass  directly 
from  one  limb  to  the  other,  others  leak  out  between  the  yoke  and 
the  pole-pieces,  while  many  pass  down  through  the  arched  slabs 
of  zinc  (on  which  the  pole-pieces  rest)  into  the  iron  bed-plate. 

We  have  previously  mentioned  that  it  is  possible  to  compare 
the  number  of  lines  of  force  cutting  or  cut  by  a  coil  of  wire  in 
two  or  more  given  fields,  by  placing  a  galvanometer  in  circuit 
with  the  coil  and  observing  the  deflections.    As  the  resulting 
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e.m.f.  is  usually  comparatively  low  the  galvanometer  must  be 
a  delicate  one,  and  it  is  usual  to  employ  one  in  which  a  short 
strongly  magnetised  needle  is  suspended  by  a  silk  fibre  inside  a 
coil  of  many  turns,  the  deflections  of  the  needle  being  made  evi- 
dent by  the  movement  of  a  beam  of  light  reflected  on  to  a  scale 
by  a  small  mirror  fixed  to  the  magnet  But  in  such  a  test  it  is 
necessary  that  the  needle  shall  not  begin  to  move  or  change  its 
position  until  the  whole  of  the  brief  current  has  actually  passed 
through  the  coil,  and  it  is  preferable  to  make  the  needle  short 
and  somewhat  heavy,  avoiding  as  far  as  possible  the  introduction 
of  any  damping  effect.  The  number  of  divisions  on  the  scale 
travelled  over  by  the  beam  of  light  may  then  be  taken  as  propor- 
tional to  the  e.m.f.  developed,  and  therefore  to  the  number  of 
lines  of  force  cut  An  instrument  of  this  type  is  known  as  a 
Ballistic  galvanometer. 

In  the  experiments  under  notice  a  current  of  5*6  amperes  was 
maintained  through  the  field- magnet  coils,  from  a  battery,  the 
armature  circuit  being  disconnected.  A  single  convolution  of 
wire  was  then  wound  round  the  middle  of  one  limb  as  at  b,  the  ends 
of  this  wire  being  joined  to  an  instrument  such  as  that  just  referred 
to.  The  needle  being  at  rest,  the  field-magnet  coils  were  short- 
circuited,  thus  suddenly  stopping  the  current  in  them,  and  the 
lines  of  force,  in  collapsing,  cut  the  single  turn  of  wire  and  induced 
a  current  therein,  which,  passing  through  the  galvanometer, 
deflected  the  beam  of  light  for  a  moment.  The  needle  having 
again  settled  itself  steadily  at  zero,  the  short-circuiting  connection 
was  removed,  thus  once  more  suddenly  passing  the  current 
through  the  magnet  coils.  The  lines  of  force  in  springing  outwards 
again  cut  the  single  coil,  inducing  a  current  which  deflected  the 
needle  to  an  almost  equal  extent,  but  in  the  opposite  direction 
to  that  produced  by  the  first  current.  In  this  case  the 
mean  of  the  two  deflections  was  264  divisions,  which,  neglecting 
the  small  amount  of  residual  magnetism,  may  be  taken  as  pro- 
portional to  the  induction  in,  or  the  number  of  lines  of  force 
passing  through,  the  field-magnet  limbs.  The  next  step  was  to 
determine  what  proportion  of  these  lines  passed  through  the 
armature,  which  was  of  the  drum  type,  each  coil  consisting  of 
one  convolution  only. 
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The  wires  leading  from  the  galvanometer  were  soldered  one  to 
each  of  two  adjacent  commutator  bars,  and  the  armature  placed 
so  that  the  plane  of  the  coil  connected  to  those  bars  lay  at  right 
angles  to  the  lines  of  force. 

The  field-magnets  were  excited  as  before  by  a  current  of 
5  6  amperes,  and  the  deflection  noticed,  first  when  the  current  in 
them  was  stopped  by  short-circuiting,  and  again  when  the  current 
was  sent  round  them  a  second  time ;  so  as  to  suddenly  withdraw  lines 
of  force  from,  and  then  to  thrust  them  through,  the  armature  core. 
The  mean  of  these  two  deflections  was  200  divisions,  and  therefore 

Induction  through  field- magnets  mmm  264 
Induction  through  armature  200 

That  is  to  say,  24*24  per  cent,  of  the  total  number  of  lines  of 
force  generated  failed  to  reach  the  armature  core  owing  to  leakage. 
Although  this  method  does  not  give  us  the  actual  number  of  lines 
of  force  in  cg.s.  uriits,  it  nevertheless  gives  the  proportion  cor- 
rectly, and  in  these  experiments  the  actual  number  passing  through 
the  armature  was  estimated  in  cg.s.  units  by  running  the  machine 
at  a  known  speed  and  measuring  the  resulting  potential  difference, 
without  allowing  a  current  to  pass  through  the  armature  and 
distort  the  field.     We  have  already  given  the  formula 

E   =   N7v0ltS, 

where  n  is  the  total  number  of  lines  of  force  passing  through 
the  armature,  p  the  number  of  active  conductors  round  the 
armature,  and  n  the  number  of  revolutions  per  second,  and  con- 

sequently  in  the  experiment  under  consideration  N  =  ' 

where  e  is  observed  potential  difference  in  volts.  Then  the 
actual  number  of  lines  in  any  other  part  of  the  magnetic  circuit 
could  be  found  by  simple  proportion.  Having  shown  that 
24*24  per  cent,  of  the  lines  of  force  were  lost  by  leakage, 
the  next  step  was  to  localise  that  leakage— that  is,  to  discover 
at  what  points  it  occurred.  This  time  the  galvanometer, 
being  less  sensitively  adjusted,  gave  a  mean  deflection  of  115 
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divisions  with  one  turn  round  the  middle  of  one  limb,  when  a 
current  of  56  amperes  through  the  field-magnets  was  suddenly 
stopped  and  started  as  before.  Four  convolutions  were  next 
wound  round  the  bed-plate  directly  under  the  armature  shaft,  and, 
the  current  being  stopped  and  started  in  the  field-magnets,  the 
galvanometer  indicated  a  mean  deflection  of  50*25  divisions,  due 
to  the  lines  of  force  which  leaked  through  the  bed-plate  and  cut 
the  four  convolutions  wound  round  it  Four  turns  were  employed 
in  order  to  get  a  fairly  high  deflection.  The  induced  e.m.f.  being, 
however,  four  times  that  which  would  be  obtained  with  one  turn, 
it  becomes  necessary,  to  enable  this  result  to  be  compared  with  the 
previous  one,  to  reduce  it  to  the  value  of  one  convolution,  thus : 

5_  5  .—  I2*6  divisions,  nearly. 
4 

The  leakage  through  the  space  between  the  field-magnet  limbs 
was  measured  with  a  coil  of  ten  turns  wound  on  a  square  frame, 
and  by  a  similar  calculation  was  found  to  be  proportional  to  eight 
divisions  with  one  convolution. 

The  horns  of  the  opposite  pole-pieces  approach  each  other 
both  above  and  below  the  armature  to  within  127  centimetres, 
the  depth  of  each  being  8  centimetres.  The  leakage  across  each 
of  these  gaps  was  found  to  give  i*6  divisions,  or  3*2  divisions  for 
the  two. 

Reducing  these  losses  to  percentages  of  the  total  induction,  we 
have 

The  leakage  through  the  zinc  plate  and  "I 

iron  base J 

The  gaps  between  the  horns  account  for 
And  the  area  between  the  limbs   . 
Making  a  total  loss  accounted  for . 
Out  of  an  observed  loss  of   . 

The  leakage  through  the  shaft,  and  from  pole-piece  to  yoke,  and 
from  one  pole-piece  to  the  other  by  exterior  lines,  will  account 
for  the  remaining  4*14  per  cent 

The  ratio,  v,  will  of  course  vary  slightly  with  different  ex- 
citing currents  in  the  field-magnet  coils,  especially  when  the  iron 
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approaches  the  saturation-point,  because  the  permeability  of  the 
iron  decreasing  with  the  induction  through  it,  while  that  of  the  air 
remains  constant,  the  proportion  of  leakage  will  be  greater.  It  is 
easy  to  give  the  current  passing  through  the  field-magnet  coils 
such  a  value  that  the  cores  and  yoke  will  be  magnetised  to  the 
same  extent  as  when  the  machine  is  fully  loaded,  but  to  make  the 
result  accurate  the  armature  should  also  be  running  and  carrying 
its  maximum  current.  Under  these  circumstances  the  leakage 
would  undoubtedly  be  somewhat  greater,  as  the  permeability  of  the 
armature  core  would  be  reduced,  and  the  demagnetising  effect  due 
to  the  heavy  armature  current  would  also  tend  to  increase  the 
leakage* 

These  experiments  constituted  the  first  definite  attempt  to 
discover  the  extent  and  the  locality  of  the  leakage  of  lines  of  force 
generated  by  the  current  in  the  field- magnet  coils,  and  it  will  be 
seen  that  about  a  quarter  of  the  field  generated  in  this  particular 
case  was  wasted. 

It  should  be  remembered,  however,  that  as  the  whole  of  the 
power  expended  in  maintaining  the  field  represents  but  a  small 
fraction  of  the  total  power  developed  by  a  well-designed  machine, 
this  comparatively  large  percentage  of  waste  field  does  not  reduce 
the  total  efficiency  to  such  an  extent  as  might  be  at  first  sight 
supposed.  The  ratio  v  =  1*32  found  for  this  particular  machine 
may  be  taken  as  approximately  the  value  for  most  machines  of 
this  type,  as  the  low  magnetic  resistance  of  the  drum  armature 
and  the  massive  cores  and  pole-pieces  bring  the  leakage  to  a  fairly 
low  value  in  spite  of  the  proximity  of  the  bed-plate.  For  machines 
of  the  radial  pole  type  such  as  that  shown  in  fig.  225,  v  is,  on  the 
average,  about  1*15. 

The  value  of  the  co-efficient  of  leakage  v  being  approximately 
the  same  for  all  machines  of  similar  pattern,  it  is  usually  deter- 
mined for  one  machine  only  and  employed  in  designing  other 
machines  of  different  sizes,  and  the  following  considerations  will 
serve  to  show  the  manner  in  which  it  may  be  so  employed. 

Suppose  in  the  case  of  a  machine  such  as  that  shown  in  fig.  2 1 2 
it  be  desired  to  calculate  the  number  of  convolutions  of,  and 
the  strength  of  the  current  which  must  be  maintained  through,  the 
field-magnet  coils  (that  is  to  say,  to  calculate  the  ampere  turns)  in 
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order  to  project  a  certain  number  of  lines  of  force  N  through  the 
armature.  We  have  already  seen  that  for  any  simple  magnetic 
circuit  m 

where  N  represents  the   total   number  of  lines  of  force,  m  the 

magneto-motive  force  (^  or  1*2566  times  the  ampere  turns),  and 

\io 

R  the  magnetic  resistance  of  the  circuit.     Consequently 

M=r  N  X  r  ; 

that  is  to  say,  the  requisite  magneto-motive  force  may  be  found 
by  multiplying  together  the  total  number  of  lines  of  force  required 
to  be  produced  and  the  magnetic  resistance.  In  the  case  of  the 
dynamo  under  consideration,  the  magnetic  circuit  is  made  up  of 
three  distinct  sections  (see  p.  257),  viz.  the  armature  core,  the  two 
air-gaps,  and  the  field-magnet  core,  with  its  pole-pieces  and  yoke 
— and  in  order  to  obtain  N  lines  through  the  armature,  v  N  (in  this 
instance  1*32  x  N)  lines  must  be  urged  through  the  field-magnet 
cores.  If  R,  r2  r3  represent  respectively  the  magnetic  resistances 
of  the  armature  core,  the  two  air-gaps,  and  the  field-magnet  cores 
and  yoke,  then  the  value  of  the  requisite  magneto-motive  force 

M  =  NRI+NR2+»NR3j 

and  as  m  is  equal  to  1*2566  times  the  ampere  turns,  the  value  of 
the  ampere  turns  can  be  obtained  by  dividing  the  right-hand  side 
of  the  equation  by  1*2566  or  by  multiplying  by  o*8. 

Since  the  magnetic  resistance  of  any  magnetic  circuit,  or  of 
any  portion  thereof,  is  proportional  to  the  length  and  inversely 
proportional  to  the  sectional  area  and  the  permeability,  the  values 
of  R!  r2  R3  may  be  stated  in  terms  of  the  dimensions  and  perme- 
ability of  the  respective  parts.  In  order  to  determine  the  perme- 
ability, the  maximum  number  of  lines  per  square  centimetre,  B, 
at  which  the  armature  and  field- magnet  cores  are  to  be  worked, 
must  be  decided  upon  beforehand,  and  then,  from  the  magnetisa- 
tion curves  for  the  particular  kinds  of  iron  employed,  the  perme- 
ability of  the  armature  core  (/j^  and  of  the  field-magnet  cores  and 
yoke  (/i3)  can  be  obtained. 
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If  /,  represent  in  centimetres  the  mean  length  of  the  path  of 
the  lines  of  force  through  the  armature  core,  and  ax  the  area  of 
the  iron  in  the  core,  taken  at  right  angles  to  the  direction  of  the 
lines  of  force,  then 

R, . 

In  calculating  the  value  of  a,  due  allowance  must  be  made  for 
space  occupied  by  the  paper  or  other  insulating  substance  sepa- 
rating the  core  discs. 

Similarly  the  magnetic  resistance  due  to  the  air-gaps  is 

R2   —    — , 

where  /2  is  the  distance  between  the  surface  of  the  armature  core 
and  one  of  the  pole-faces,  and  as  the  area  of  one  of  the  pole- 
faces.  The  length  /2  is,  of  course,  multiplied  by  2  because  there 
are  two  similar  air-gaps,  but  the  area  aa  does  not  correctly 
represent  the  area  of  the  path  of  the  lines  of  force  through  the 
air-gap  to  the  armature,  because  the  lines  spread  out  somewhat  as 
they  leave  the  edges  of  the  pole-faces,  and  enter  the  armature  core 
over  a  rather  greater  area  than  that  of  the  pole-face.  This  increase 
of  area  tends  to  reduce  the  magnetic  resistance  of  the  air-gap,  and 
should  be  allowed  for.  It  has  been  found  that,  nearly  enough  for 
all  practical  purposes,  the  increase  in  area  may  be  considered  as  a 
fringe  round  the  periphery  of  the  pole-face,  the  width  of  this  fringe 
being  equal  to  four-fifths  of  the  distance  l2  (because,  of  course, 
the  tendency  to  spread  out  increases  with  l2),  and  this  increased 
area  should  be  inserted  in  the  equation  as  the  value  of  av  The 
permeability  of  air  and  of  the  copper  wire  occupying  the  space 
referred  to  as  the  *  air-gaps '  being  unity,  the  permeability  symbol 
need  not  enter  into  the  expression  for  the  magnetic  resistance  of 
the  air-gaps. 

The  magnetic  resistance  of  the  field-magnet  cores,  yoke,  and 
pole-pieces  is 

R3   — , 
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where  /3  is  the  mean  length  of  the  path  of  the  lines  of  force  from 
one  pole-face  to  the  other,  a3  the  area  of  cross-section,  and  /i3 
the  permeability  of  the  iron.  In  this  case  it  is  assumed  that  the 
iron  of  the  field-magnet  is  uniform  throughout,  but  as  this  is 
rarely  the  case,  it  is  frequently  necessary,  in  order  to  obtain  accurate 
results,  to  treat  separately  the  pole-pieces,  yoke,  and  the  limbs 
over  which  the  wire  is  wound.  The  permeability  and  sectional 
area  of  each  part  can  then  be  dealt  with  separately,  as  also  the 
value  of  N,  which  on  account  of  leakage  is  less  in  the  pole-pieces 
and  greater  in  the  middle  of  the  yoke  than  at  any  other  part  of 
the  field-magnet.  But  assuming  for  the  sake  of  simplicity  that 
the  iron  of  the  field-magnet  is  uniform  throughout,  and  that  the 
full  number  of  lines,  viz.  v  N,  pass  through  the  entire  length  of 
pole-pieces,  magnet  cores,  and  yoke,  it  is  evident  that  the  magneto- 
motive force  required  to  project  N  lines  through  the  armature  may 
be  written 

M=N-1        +  N— *  +   VH     /jJ   . 

The  magneto-motive  force  so  found  would  be  sufficient  to 
urge  the  requisite  number  of  lines  of  force  through  the  armature 
in  the  absence  of  any  disturbing  effect  due  to  the  current  in  the 
armature  itself.  We  know  that  when  the  brushes  are  set  with 
absolutely  no  lead,  the  armature  field  is  projected  at  right  angles 
to  that  of  the  field  proper,  but,  when  the  brushes  are  shifted 
forward,  the  current  flowing  in  a  few  of  the  active  conductors 
actually  strives  to  set  up  lines  of  force  in  the  opposite  direction  to 
those  due  to  the  field- magnets.  This  back  magneto-motive  force 
must  be  allowed  for  by  adding  to  the  field-magnet  coils  such  a 
number  of  convolutions  as,  with  the  particular  current  flowing 
through  them,  will  give  a  number  of  ampere  turns  equal  to 
the  ampere  turns  on  the  armature  acting  in  opposition  to  the 
field. 

A  little  reflection  will  show  that  the  number  of  active  con- 
ductors on  the  armature  so  acting  in  opposition  to  the  field  will 
be  all  those  included  in  the  arc  on  each  side  of  the  magnetic  axis, 
subtended  by  the  angle  of  lead  taken  on  both  sides  of  the  zero 
point 
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A  reference  to  figs.  214  and  215  will  perhaps  make  this  a  little 

clearer.     In  fig.    214  a  diagrammatic   sketch  of  a  dynamo  is 

shown    in      which     the 
IG* 2I4  brushes    are  set   in   the 

geometrically  neutral  zone 
— that  is  to  say,  at  points 
midway  between  the  pole 
tips.  The  direction  of  the 
current  flowing  in  the  con- 
ductors is  indicated  by  a 
\\  dot  when  the  current  is 
supposed  to  flow  through 
the  plane  of  the  paper 
and  towards  the  observer, 
and  by  a  cross  when  the 
current  is  supposed  to 
flow  away  from  the  ob- 
server through  the   plane 

of  the  paper.     It  will  be  seen  that  in  the  case  of  fig.  214  the 

armature  field  is  at  right  angles  to  the  main  field. 

In  fig.  215  the  brushes 
have  been  given  a  lead  of 
a  degrees,  and  in  this  case 
the  belt  of  conductors  a  b, 
c  d  produces  a  field  in 
direct  opposition  to  the 
main  field,  and  the  belt 
bc,  da  produces  a  field 
at  right  angles  to  the 
main  field.  Thus  the 
conductors  producing  a 
demagnetising  effect  are 
those  embraced  by  an 
angle  equal  to  twice  the 
angle  of  lead  on  each  side 
of  the  axis  of  the  main  field 
Suppose,  for  example,  the  lead  of  the  brushes  to  be  40  and 

the  number  of  active  convolutions  round  the  armature  be  180, 
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this  will  give  for  the  case  of  a  drum  armature  a  total  of  360  active 
conductors.  In  twice  the  angle  of  lead,  therefore,  there  will  be 
eight  active  conductors  on  each  side  of  the  main  field  axis,  or 
eight  active  convolutions  producing  a  demagnetising  effect  on 
the  main  field  If  the  current  flowing  through  the  armature  were 
200  amperes  this  would  give  8  x  200  =  1600  ampere  turns 
setting  up  a  back  magneto-motive  force.  Consequently,  if  the 
current  flowing  through  the  field-magnet  coils  were  four  amperes 
this  would  mean  an  addition  of  U^op  =  400  convolutions  to  the 
winding  of  the  coils  of  a  shunt  machine ;  while  if  the  machine 
were  compound-wound  the  necessary  addition  would  be  made  to 
the  series  coils,  because  the  back  magneto-motive  force,  like  the 
current  in  the  series  coils,  increases  with  an  increase  of  the 
load. 

A  fourth  term  representing  this  additional  magneto-motive 
force  should  be  added  to  the  right-hand  side  of  the  equation 

given  above.      It  will  be  —  times  those  ampere   turns  on  the 

10 

armature  which  are  opposing  the  field ;  and  in  any  case  in  order 

to  obtain  the  ampere  turns  required  for  the  field-magnet  coils, 

the   right-hand  side  of  the  equation  (which  now  represents  the 

magneto-motive  force)  must  be  divided  throughout  by  **",  which 

is  equivalent  to  multiplying  by  o*8. 

A  few  other  points  which  have  to  be  taken  into  consideration 
in  designing  a  dynamo  are  referred  to  in  the  various  chapters  in 
which  machines  are  described. 

The  '  Manchester '  dynamo,  which  is  another  good  machine 
in  which  the  Drs.  Hopkinson  were  largely  concerned,  but  which 
represents  another  type  of  machine  gradually  passing  out  of  use, 
is  illustrated  in  fig.  216.  The  arrangement  of  the  field-magnets 
differs  somewhat  from  that  in  the  machines  hitherto  described. 
Two  electro-magnets  are  fixed  vertically  with  their  like  poles 
uppermost,  the  similar  poles  being  in  each  case  joined  together 
by  massive  cast-iron  yokes,  shaped  as  shown,  so  as  to  form  the 
pole-pieces  between  which  the  armature  rotates.  The  lines  of  force 
due  to  the  two  field-magnet  coils  meet  at  the  pole-pieces  and  pass 
through  the  armature  in  the  manner  indicated  by  the  dotted  lines 
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in  fig.  317.  The  vertical  members  of  the  field-magnets  are  of 
wrought  iron,  let  into  the  horizontal  yokes,  which,  being  of  cast 
iron,  have  about  twice  the  sectional  area  of  the  cores.  The  lower 
casting  is  extended  on  both  sides  so  as  to  form  the  bed-plate  of 
the  machine,  and  the  centre  of  gravity  of  the  moving  parts  being 
low,  it  is  comparatively  easy  to  rigidly  fix  the  machine  so  as  to 
obtain  great  steadiness  in  running. 


The  shaft  carrying  the  armature  is  made  of  Bessemer  steel, 
the  bearings  being  of  gun-metal,  and  a  free  space  along  the  shaft 
is  provided  to  admit  air  for  ventilating  the  armature.  When  driven 
at  1 100  revolutions  per  minute,  the  machine  illustrated,  which  is 
compound- wound  to  maintain  a  potential  difference  of  100  volts, 
is  capable  of  generating  a  current  of  80  amperes,  or  a  maximum 
output  at  this  speed  of  8000  watts.  All  other  sizes  of  the  Man- 
chester dynamo  are  similar  in  appearance  and  construction  to 
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that  shown  in  the  figure,  except  that  in  the  case  of  shunt-wound 
machines  the  heavy  conductors  for  the  series  winding  are  absent. 
The  commutator  consists  of  forty  bars  of  hard-drawn  copper 
insulated  with  mica.  Each  arm  of  the  rocking  lever  carries  two  or 
more  wire-gauze  brushes,  each  brush  being  independently  adjust- 
able. The  diameter  of  commutation  with  machines  of  this  class, 
in  which  the  direction  of  the  lines  of  force  through  the  armature 
is  vertical,  approximates  to  the  horizontal,  and  this  position  in  the 
Manchester  machine  is  more  nearly  approached  in  consequence 


of  a  peculiarity  in  the  curvature  of  the  pole-pieces.  Instead  of 
the  polar  surfaces  being  made  concentric  with  the  armature,  they 
are  struck  from  a  radius  greater  than  that  from  the  centre  of  the 
shaft,  so  that  the  pole -pieces  are  brought  slightly  nearer  the  arma- 
ture at  (mints  opposite  the  extremities  of  its  vertical  diameter. 
The  resistance  of  the  path  for  the  distorting  flux,  due  to  the 
current  in  the  armature,  is  thus  increased,  and  the  distortion 
cor  rcspon  di  ngl  y  diminished. 

The  armature  is  of  the  ring  type,  the  core  consisting  of  the 
usual  thin  iron  discs  clamped  between  the  ends  of  a  gun-metal 
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frame.  The  arms  of  this  frame,  which  fit  into  slots  in  the  discs, 
are  free  of  the  shaft,  so  that  a  clear  space  for  ventilation  is  re- 
tained. The  end-plate  nearest  the  commutator  is  keyed  to  the 
shaft,  while  the  other  is  held  up  tight  against  the  plates  by  means 
of  a  nut.  The  wire  is  wound  in  forty  pairs  of  coils,  the  resistance 
from  brush  to  brush  being  0*084  ohm.  The  shunt  coils  on  the 
field-magnet  have  a  resistance  of  41*5  ohms,  and  the  series  coils, 
which  are  wound  outside  the  shunt  coils,  have  a  resistance  of 
0*049  ohm.     The  gross  weight  of  the  machine  is  io|  cwt 

The  brothers  Hopkinson  also  made  on  this  machine  some 
experiments  similar  to  those  already  described,  and  we  may  briefly 
refer  to  the  simpler  of  the  experiments,  which  show  the  percentage 
and  the  locality  of  the  leakage  of  the  lines  of  force.  Fig.  217 
gives  an  outline  of  the  field-magnets  and  armature  core,  and  shows 
the  various  positions  of  the  testing-coils.  As  in  the  other  experi- 
ments, the  armature  was  disconnected,  and  a  constant  current 
obtained  from  an  independent  source  to  magnetise  the  field- 
magnets,  the  lines  of  force  being  made  to  cut  the  testing-coil  by 
suddenly  starting  and  stopping  the  current  in  the  field-magnets, 
and  the  mean  of  the  two  observed  deflections  of  the  ballistic 
galvanometer  calculated  as  before.  In  the  first  experiment  four 
turns  were  taken  round  the  middle  of  one  limb  at  a  a,  and  the 
mean  deflection  was  observed  to  be  214  divisions.  But  as  with  a 
single  turn  of  wire  only  one-fourth  of  this  would  have  been  obtained, 

2  T  A 

*  =s  53-5   represents    the   total  induction  through   the  field- 
4 
magnet  core  in  terms  of  the  arbitrary  unit  here  assumed.     But  an 

equal  number  of  lines  pass  through  the  other  vertical  limb  ;  there- 
fore, the  total  induction  through  the  field-magnet  cores,  as  shown 
by  this  first  measurement,  may  be  represented  by  107. 

The  student  should  here  note  the  difference  between  a  field- 
magnet  wound  as  in  the  case  under  consideration  with  two  coils 
arranged  to  produce  'consequent'  poles,  and  the  arrangement 
shown  in  fig.  212.  In  the  present  case  the  two  coils  may  be 
considered  as  acting  in  parallel,  as  the  lines  of  force  developed 
by  one  coil  should  not  pass  through  the  other  coil ;  while  when 
the  two  coils  are  wound  on  the  limbs  of  a  single  horsehoe-shaped 
magnet  they  may  be  considered  as  acting  in  series,  and  with  the 
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exception  of  those  lines  lost  by  leakage,  all  the  lines  of.  force 
developed  by  one  coil  pass  through  the  other. 

The  coil  was  next  raised  to  b  b,  where  the  mean  deflection  was 

206,  or,  for  a  single  turn,  -      =  51*5  or  103  for  the  two  limbs, 

4 
and  the  mean  of  these  two  results — viz.  105 — was  taken  as  repre- 
senting the  mean  induction  in  the  field-magnet  cores. 

Three  turns  were  wound  round  the  armature  at  c  c,  where 
the  deflection  obtained  was  222  divisions,  or,  for  one  turn  only, 

222  »* 

—  =  74,  which  represents  the  total  induction  through  the  space 

3 
occupied  by  the  armature.     But  we  know  that  in  a  Gramme  ring 

a  certain  number  of  lines  pass  diametrically  across  instead  of 
round  the  armature  core,  which  number  becomes  greater  when 
the  iron  is  so  saturated  that  its  permeability  is  low — perhaps  lower 
even  than  that  of  the  shaft — and  the  next  experiment  sought  to 
determine  the  waste  due  to  this  cause.  Four  turns  were  taken 
round  d  d,  the  deflection  being  141,  or  35*25  in  terms  of  one  con- 
volution. But  as  an  equal  number  of  lines  pass  through  the  other 
half  of  the  ring,  we  must  double  this,  getting  70*5  as  the  effective 
induction  through  the  core,  against  74  through  the  whole  arma- 
ture space  and  105  through  the  field- magnets. 

At  e  e  3975  divisions  due  to  one  convolution  were  obtained, 
and,  the  induction  being  the  same  on  the  other  side,  the  total 
induction  =  79*5. 

At  f  f  the  result  was  higher,  being  4175,  or  83*5  for  both 
sides,  the  difference  being  caused  by  the  easier  path  at  the  bottom 
of  the  machine  offered  by  the  bed-plate  and  bearings,  and,  of 
course,  these  additional  lines  are  wasted. 

We  see,  therefore,  that  in  this  case  a  large  number  of  the  lines 
of  force  generated  are  wasted ;  in  fact,  here 

vs_  lines  through  field- magnets  _  105  =  ne9iI\y. 

lines  through  armature  core        70*5 

This  loss  is  partly  accounted  for  by  the  extension  of  the  lower 
yoke-piece  to  form  the  bed-plate,  and  the  use  of  iron  supports  for 
the  bearings,  and  is,  no  doubt,  fully  compensated  for  by  advan- 
tages from  a  mechanical  point  of  view.    But  it  will  be  observed 

F  F  2 
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that  almost  5  per  cent,  of  the  lines  passing  through  the  armature 
leave  the  core  and  pass  diametrically  across  the  ring ;  this  large 
proportion  is  in  a  great  measure  due  to  the  fact  that  induction 
through  the  armature  coils  was  very  high,  viz.  20,000  cg.s.  units. 
Before  proceeding  to  a  discussion  of  the  machines  of  present- 
day  design  it  is,  perhaps,  desirable  that  some  attention  should  be 
devoted  to  the  method  of  winding  the  armature  conductors,  and 
we  will  commence  by  considering  the  case  of  a  simple  two-pole 


Fig.  2x8 


machine  with  a  smooth  armature  core.  In  fig.  218  such  a 
machine  is  shown  diagrammatically,  the  armature  having  twelve 
coils  and  each  coil  consisting  of  two  conductors,  giving  a  total  of 
twenty-four  conductors  or  bars.  The  commutator  has  twelve  seg- 
ments, the  number  of  segments  thus  being  the  same  as  the  number 
of  coils,  as  is  usually  the  case.  The  connections  of  the  bars  to  the 
commutator  are  shown  by  curved  lines,  and  the  straight  dotted 
lines  show  the  back  end  of  the  coils.  The  scheme  of  connec- 
tions is  such  that  one  conductor  is  joined  through  a  commutator 
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segment  to  the  conductor  nearly  diametrically  opposite.  The 
diametrically  opposite  bars  must  not  be  connected,  otherwise  it 
would  not  be  practicable  to  join  up  all  the  conductors  and  still 
maintain  the  symmetry  of  the  arrangement  Starting  from 
conductor  1  we  connect  to  segment  3,  thence  to  conductor  12, 
and  back  to  conductor  23,  always  joining  the  odd-numbered  bars 
to  the  even-numbered  ones  and  vice  versd.  All  the  connections  are 
made  symmetrically,  and  after  all  the  bars  have  been  joined  in 
this  way  we  come  back  to  bar  1,  and  thus  the  winding  is  closed. 
The  brushes  are  placed  on  the  commutator  in  such  a  position 
that  they  touch  the  segments  connected  to  the  bars  near  the 
neutral  zone.  In  the  case  shown  in  fig.  218  it  is  seen  that  the 
brush  b  short-circuits  the  coil  2-13  and  the  brush  a  the  coil  1-14. 
It  is  also  to  be  noticed  that  the  current  can  reach  the  brushes  by 
means  of  two  paths.  For  instance,  the  current  can  take  the  path 
from  brush  b  to  segment  9,  and  through  the  bars  24,  11,  22, 9,  20, 
7,  18,  5,  16,  3  back  to  brush  a;  or  from  brush  b  to  segment  10 
and  thence  to  bars  15,  4,  17,  6,  19,  8,  21,  10,  23,  12,  back  to 
brush  a  ;  that  is  to  say,  the  conductors  are  arranged  into  two  sets 
of  10  in  series,  and  the  two  sets  are  connected  in  parallel  by  the 
brushes,  and  two  bars  are  short-circuited  by  each  brush.  This 
is  the  simplest  possible  case  of  a  drum-wound  armature. 

It  often  happens  that  a  coil,  instead  of  being  constructed  by 
simply  joining  together  the  two  conductors,  as  shown  in  the  figure, 
consists  of  a  number  of  turns  of  copper  wire  or  copper  strip, 
especially  when  it  is  desired  to  obtain  a  high  voltage  without 
increasing  the  number  of  commutator  segments  unduly.  In  such 
cases  each  side  of  the  coil  may  be  considered  as  one  bar  as  far  as 
the  connections  are  concerned,  and  the  ends  of  the  coils  joined 
up  precisely  as  is  indicated  in  fig.  218.  As  a  matter  of  fact, 
increasing  the  number  of  turns  in  the  coil  has  the  same  effect  as 
increasing  the  length  of  the  armature. 

By  far  the  largest  number  of  machines  are  now  made  on  the 
multipolar  system,  a  system  which  will  be  described  in  detail 
presently,  but  which  for  our  present  purpose  may  be  referred  to 
as  one  in  which  the  machine  has  four  or  more  field-magnet  poles  ; 
the  armature  of  such  a  machine  is  usually  provided  with  slots  for 
the  reception  of  the  coils.     The  objects  in  using  a  slotted  arma- 
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ture  have  been  explained  in  the  previous  chapter,  but  may  be 
briefly  repeated  here.  First,  it  is  possible  by  the  use  of  slots  to 
make  the  armature  mechanically  more  perfect,  since  the  conductors 
are  positively  driven  by  the  core-plates  and  it  is  practically  almost 
impossible  to  strip  the  conductors  from  the  core.  In  the  second 
place,  it  is  easy  to  bring  the  surface  of  the  armature  core  much 
nearer  to  the  pole-faces,  and  thus  by  reducing  the  air  gap  to 
reduce  the  magneto-motive  force  required  to  maintain  a  field  of 
the  requisite  strength  through  the  armature  core. 

When  connecting  up  the  conductors  of  a  slotted  armature  in 
which  two  or  more  conductors  per  slot  are  provided,  it  is 
necessary  that  the  conductors  be  numbered  in  a  definite  order, 
and  it  is  here  assumed  that  there  are  two  conductors  per  slot 
which  are  numbered  so  that  the  odd  numbers  are  on  the  outside 
and  the  even  numbers  on  the  inside,  as  shown  in  219  and  220. 

It  is  also  necessary,  in  the  case  of  multipolar  machines,  to  dis- 
tinguish between  two  distinct  types  of  winding  known  as  '  wave ' 
or  series  winding,  and  '  lap '  or  parallel  winding.  There  are  one 
or  two  very  important  differences  in  these  two  types,  the  explana- 
tion of  which  will  be  more  readily  understood  by  a  further 
reference  to  figs.  219  and  220.  If  the  connections  in  fig.  219  are 
traced  out  it  will  be  seen  that  in  joining  up  the  bars  a  continuously 
progressive  round  of  the  armature  is  made.  Thus  from  bar  1  we 
connect  to  bar  8,  and  thence  to  bars  15,  22,  29,  6,  and  so  on, 
thus  making  several  complete  rounds  of  the  armature  before 
completing  the  winding,  and  for  this  reason  the  armature  is  said 
to  be  '  wave  wound.' 

Comparing  this  with  the  scheme  of  winding  illustrated  in 
fig.  220,  it  will  be  noticed  that  in  the  latter  case  we  pass  from  bar 
1  to  bar  6,  and  then  backwards  to  bar  23,  thence  to  bar  4  and 
again  backwards  to  bar  21,  and  when  a  complete  circuit  of  the 
armature  has  been  made  in  this  way  the  winding  closes.  This 
type  of  armature  is  known  as  *  lap  wound,'  the  reason  being 
clearly  indicated  by  the  overlapping  appearance  of  the  two  coils 
shown  in  thick  lines.  This  winding  is  also  known  as  a  parallel 
winding. 

Returning  to  rig.  219,  two  brushes  are  shown  displaced  by 
900,  and  by  tracing  out  the  connections  between  these  two  brushes 
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we  find  that  there  are  two,  and  only  two,  armature  paths,  and 
starting  from  one  brush  we  do  not  reach  the  other  brush  until  all 
the  bars  in  each  path  have  been  included.  Thus  from  brush  a 
and  segment  5  to  bars  12,  19,  26,  3,  10,  17,  24,  1,  8,  15  back  to 
brush  b  gives  one  path,  and  from  brush  a  and  segment  6  to  bars 
7,  30,  23,  16,  9,  2,  25,  18,  11,  4,  27,  20  back  to  brush  b  gives  the 

Fig.  919 


other  path,  whilst  the  coils  5,  28,  21,  14,  and  13,  6,  29,  22  are 
short-circuited  by  the  brushes  a  and  b  respectively.  It  is  evident 
that  the  two  armature  paths  have  not  the  same  number  of  con- 
ductors in  each,  and  this  is  accounted  for  by  the  fact  that  the 
number  of  commutator  segments  is  odd  ;  for  this  reason  it  is 
advisable  to  provide  the  commutator  with  an  even  number  of  com- 
mutator segments. 
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Following  out  the  connections  in  the  lap  winding  of  fig.  220, 
it  will  be  found  that  we  pass  from  one  brush  to  the  next  after 
only  about  one  quarter  of  the  conductors  have  been  joined  up, 
and  it  is  therefore  necessary,  in  order  to  usefully  employ  all  the 
conductors,  to  provide  the  same  number  of  brushes  as  there  are 
poles.    In  such  cases  the  alternate  brushes,  being  of  similar  polarity, 


Fig.  aao 


are  connected  together.  It  will  further  be  found  that  each  pair  of 
brushes  gives  two  armature  paths,  so  that  the  total  number  of 
armature  paths  is  the  same  as  the  number  of  poles.  We  see,  then, 
that  in  a  multipolar  machine  with  a  series  winding  it  is  possible 
to  collect  the  current  from  all  the  conductors  by  means  of  one 
pair  of  brushes  only,  whilst  with  a  lap  winding  it  is  necessary  to 
have  as  many  brushes  as  there  are  poles. 
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In  calculating  the  e.m.f.  developed  in  the  armature  of  a  two-. 

>  i 

8 


pole  machine  we  arrived  (page  363)  at  the  expression       g  .      For 


the  case  of  a  multipolar  machine  it  is  necessary  to  introduce  a 
modification  of  this  expression  for  the  e.m.f.  in  order  to  deduce 
a  formula  of  general  application  to  machines  of  any  number  of 
poles,  and  with  either  of  the  two  types  of  winding  mentioned 
above. 

Taking  first  the  case  of  the  series  winding,  it  is  easy  to  see 
that  since  there  are  only  two  armature  branches  in  parallel  it 

follows  that  for  one  pair  of  poles  the  e.m.f.   induced  is       a  f 

10 8 

while  for  a  machine  with/  pair  of  poles  the  e.m.f.  induced  will 

k^  N  p  n  * 

be  — r/. 

Since  increasing  the  number  of  poles  has  the  same  effect  as 
increasing  the  armature  speed  of  a  two-pole  machine  in  the  same 
ratio,  the  other  factors  in  the  above  expression  remain  constant. 
In  the  case  of  a  lap-wound  machine  with  p  poles,  it  will  be 
gathered  from  what  we  have  just  said  that  the  number  of  branches 
of  the  armature  winding  in  parallel  is  equal  to  2  /  instead  of  2,  as 
in  the  case  of  a  two-pole  machine.  Hence  since  the  number  of 
conductors  in  series  is  reduced  in  the  ratio  p,  and  the  equivalent 
speed  is  increased  in  the  ratio/,  the  e.m.f.   induced  will  be 

— .-  — £,  ue.    =-,   or  the  same  as  for  a  two-pole  machine. 

10 8  X  /  10 8  r 

It  is,  however,  possible  to  wind  an  armature  for  a  multipolar 
machine  so  that  the  number  of  paths  for  the  current  is  inter- 
mediate in  value  between  that  for  a  pure  '  series  *  winding  and 
that  for  a  pure  parallel  winding. 

The  type  of  winding  in  which  this  is  done  is  known  as  a 
series-parallel  winding,  and  was  first  introduced  by  Professor 
Arnold.  Then,  in  general  terms,  if  /  be  the  number  of  pairs  of 
poles,  and  a  be  the  number  of  pairs  of  armature  paths,  the 
e.m.f.  developed  will  be 

N_L*  x  >  volts, 
io8  a 
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and  this  is  the  most  general  form  of  the  expression  for  the  e.m.f. 
developed. 

The  question  of  commutation  now  requires  attention,  for  it 
must  be  remembered  that  one  of  the  most  serious  difficulties 
which  have  to  be  overcome  in  designing  a  direct-current  dynamo 
is  that  of  sparking  at  the  brushes;  in  fact,  the  output  of  a 
machine  is  often  fixed  by  the  appearance  of  sparks  at  the  brushes, 

Fig.  2ai 


N 


which  if  left  unchecked  may  go  on  increasing  in  magnitude  until 
they  destroy  the  commutator. 

In  order  to  enable  the  student  to  see  clearly  how  this 
phenomenon  is  produced,  we  will  consider  the  case  of  an  armature 
of  the  simplest  type,  viz. — an  iron  ring  wound  with  a  number  of 
turns  of  copper  wire,  each  turn  being  connected  to  a  commutator 
segment  as  shown  in  fig.  221.  The  brushes  are  laid  on  the 
commutator,  one  at  each  extremity  of  a  diameter,  and  each  brush 
is  assumed  to  be  just  a  little  wider  than  one  segment  It  can  be 
shown  that  any  winding,  however  complex,  can  be  reduced  to 
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this  scheme,  so  that  what  follows  is  of  universal  application. 
Suppose  the  armature  to  be  driven  in  the  sense  shown  in  the  figure, 
and  that  the  brushes  are  connected  to  an  external  resistance; 
currents  will  then  flow  in  the  armature  conductors  in  the  direction 
indicated   by  the  arrows. 

In  the  coil  a  the  current  FlG-  *2a 

flows  in  one  direction  and  \ 

in  the  coil  c  in  the  opposite 
direction,  whilst  the  coil  b 
is  short-circuited  by  the 
brush.  It  is  thus  evident 
that  as  the  armature  re- 
volves each  coil  as  it  passes 
under  the  brush  has  the 
current  flowing  in  it '  com- 
mutated,'  or  changed  in 
direction. 

In  figs.  222,  223  and  224  three  stages  of  the  commutation  of 
the  current  are  shown.  The  student  will  probably  have  learned 
by  this  time  that  when  two  conductors  are  placed  in  contact  there 
is,  and  always  will  be,  some  measure  of  resistance  at  the  contact 
surfaces.  Let  us  assume 
that  the  whole  resist- 
ance between  the  com- 
mutator segments  and 
the  brush  resting  on 
them  is  indicated  by  s, 
then  when  the  brush 
rests  on  two  segments 
the  resistance  of  the 
surface  contact  of  the 
two  segments  is  in- 
versely proportional  to 
the  area  of  contact — that  is,  to  the  width  of  segment  covered. 
Thus,  for  example,  in  fig.  222  the  contact  resistance  between  the 
brush  and  the  segment  a  is  £  w  and  the  resistance  between  the 
segment  b  and  the  brush  is  4  w,  where  w  represents  the  contact 
resistance  of  one  segment.     In  fig,  223  the  resistance  between  the 
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brush  and  each  of  the  segments  a  and  b\%  the  same,  and  in  fig.  224 
the  resistance  between  the  brush  and  segment  a  is  4  w  and  between 
the  brush  and  segment  b  is  J  w.  Hence  as  the  commutator 
moves  forward  the  current  in  the  coil  b  becomes  gradually 
weaker  until  it  falls  to  zero,  and  then  gradually  rises  until  it  reaches 
its  full  value  in  the  opposite  direction.  Thus  by  virtue  of  the 
brush  contact  resistance  alone  the  current  is  automatically 
commutated.  Now  if  this  were  the  whole  problem  all  would  be 
quite  simple,  and  as  a  matter  of  fact  this  is  actually  how  com- 
mutation would  take  place  if  the  machine  were  to  run  slowly 
enough,  and  if  carbon  brushes  were  used  in  which  the  contact 
resistance  were  sufficiently  high.  When  the  speed  becomes  appreci- 
able, however,  another  factor  enters  into  the  question,  and  that  is 

the  self-induction   of   the 

IG' 22*  coil  in  which  the  commuta- 

T  tion  takes  place,  for  when 

the  speed  is  sufficiently 
high  the  electro -magnetic 
inertia  does  not  allow  the 
current  to  change  quickly 
enough,  and  unless  some 
means  be  adopted  to 
counteract  this  effect, 
sparking  must  be  the  result 
as  a  consequence  of  break- 
ing the  circuit  in  which  there  is  an  appreciable  current  flowing, 
as  would  be  the  case,  for  instance,  if  in  fig.  224  the  brush  leaves  the 
segment  a  while  a  current  is  still  flowing  in  the  connector  between 
a  and  the  armature  coils.  What  is  necessary,  then,  is  that  the 
current  in  the  coil  passing  under  the  brush  be  assisted  to  re- 
verse its  direction,  or,  in  other  words,  an  r.m.f.  must  be  induced 
which  will  help  the  current  to  take  the  final  value  it  is  required  to 
have  when  leaving  the  brush.  This  e.m.f.  will  be  induced  by 
rotation  of  the  coil  in  the  field,  which  it  will  enter  after  leaving 
the  brush,  and  therefore  if  commutation  can  be  arranged  to  take 
place  in  this  field  we  shall  have  achieved  the  desired  object 
This  is  done  by  giving  the  brushes  a  *  lead '  in  the  direction 
of  rotation  of  the  armature,  as  will  be  clear  after  a  moment's 
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consideration.  There  are,  however,  limits  to  this  method  of 
remedying  sparking,  for  if  the  lead  is  too  much  the  demagnetis- 
ing effect  mentioned  above  will  be  excessive,  and,  moreover,  the 
number  of  active  conductors  must  be  greatly  diminished.  It  is 
now  quite  common  to  specify  that  a  machine  shall  run  sparklessly 
for  all  loads  up  to  25  per  cent  overload  without  giving  the  brushes 
a  lead,  in  many  cases  the  surface  contact  resistance  of  the  carbon 
brushes  being  relied  on  to  effect  the  commutation. 

It  may  be  added,  in  passing,  that  all  that  has  been  said  with 
regard  to  a  generator  applies  equally  well  to  a  motor,  with  the 
important  difference,  however,  that  the  e.m.f.  induced  by  the 
rotation  of  the  motor  is  in  direct  opposition  to  that  applied  at  the 
brushes,  and  in  order  to  prevent  sparking  the  brushes  have  to  be 
given  a  backward  '  lead ' — that  is  to  say,  they  are  moved  back 
against  the  direction  of  rotation  of  the  armature.  The  belt  of 
conductors  embraced  by  the  double  angle  of  lead  then  becomes 
again  a  demagnetising  belt  weakening  the  main  field. 

Within  the  last  year  or  two  the  extended  use  of  the  turbo- 
generator has.  rendered  the  problem  of  commutation  of  immense 
importance,  and  the  introduction  of  some  positive  means  of 
producing  a  commutating  field  without  moving  the  brushes  out 
of  the  neutral  zone  has  led  to  the  use  of  what  are  known  as 
commutation  poles.  These  are  small  poles  introduced  between 
the  main  poles  and  excited  by  a  winding  in  series  with  the  main 
circuit,  so  that  the  armature  coils  undergoing  commutation  move 
in  a  field  of  a  strength  proportional  to  the  armature  current, 
and  by  this  device  the  output  of  direct-current  machines  can 
be  enormously  increased  for  a  given  weight  of  material.  The 
problem  of  commutation  is,  however,  one  of  extreme  complexity, 
and  has  in  recent  times  been  very  carefully  investigated. 

It  may  be  stated,  however,  as  giving  a  general  idea  of  the 
main  factors  entering  into  the  question,  that  Professor  Arnold  and 
Dr.    Mie  have  proved  that  in  every  case  of  commutation  the 

ST- 

value    -     must  be  greater  than  1,  where  s  is  the  contact  resistance 

as  above,  t  is  the  time  of  commutation,  and  l  is  the  coefficient 
of  self-induction  of  the  coil  undergoing  commutation.  In  actual 
machines  running  at  a  given  definite  speed  s  is  the  only  variable, 


446  Electrical  Engineering  chap,  x 

and  it  therefore  becomes  of  great  importance  to  choose  the 
brushes  of  the  correct  quality  of  carbon  and  having  a  suitable 
contact  resistance.  In  fact,  it  is  often  possible  to  cure  a 
machine  of  sparking  by  using  a  more  suitable  quality  of  carbon 
for  the  brushes.  Of  course,  in  order  that  a  machine  may  run 
satisfactorily  it  is  essential  that  the  commutator  surface  be  true 
and  even,  otherwise  the  brushes  will  be  set  in  vibration  and 
then  sparking  will  undoubtedly  ensue,  the  commutator  surface 
will  become  pitted,  and  the  evil  will  gradually  become  worse  until, 
if  the  fault  is  not  attended  to,  a  breakdown  will  result. 

Multipolar  machines  with  drum  armatures  are  now  very 
extensively  employed,  more  especially  in  cases  where  the  maximum 
current  developed  by  the  machine  is  very  heavy.  If  a  simple 
two-pole  field-magnet  be  employed,  considerable  difficulty  arises 
with  very  heavy  armature  currents  on  account  of  the  serious 
reactions  on  the  field  proper,  the  magnitude  of  these  reactions 
being  approximately  proportional  to  the  number  of  active  con- 
ductors on  the  armature  and  to  the  strength  of  the  current  flowing 
therein.  Among  other  things,  the  great  distortion  of  the  field  at 
maximum  load  involves  a  considerable  lead  being  given  to  the 
brushes,  and  a  comparatively  slight  variation  in  the  armature 
current  necessitates  a  readjustment  of  the  brushes  to  prevent 
sparking.  The  difficulty  can,  of  course,  be  overcome,  even  with 
a  single  field,  but  it  is  found  to  be  less  expensive,  for  machines 
above  a  certain  size,  to  employ  a  field-magnet  with  four  or  more 
poles,  the  magnitude  of  the  reactions  which  have  to  be  dealt  with 
being  approximately  inversely  proportional  to  the  number  of  field- 
magnet  poles  when  the  armature  conditions  remain  constant. 
With  multipolar  machines  and  a  parallel  armature  winding  we 
can  have  a  large  number  of  armature  paths  in  parallel,  and  thus 
are  enabled  to  obtain  a  large  current.  On  the  other  hand, 
multipolar  machines  and  a  wave  winding  are  the  conditions  for 
a  high  voltage-  machine,  since  the  voltage  induced  depends 
on  the  ratio  of  the  number  of  poles  to  the  number  of  armature 
paths,  as  is  shown  by  the  general  formula  given  for  the  e»m.f. 

Fig.  225  illustrates  the  arrangement  of  the  field-magnets  and 
armature  of  such  a  four-pole  machine.  The  field- magnet  coils 
are  usually  wound  on  the  straight  limbs  which  project  inwards 
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from  the  outer  framework,  and  each  pole- face  covers  somewhat 
less  than  a  quarter  of  the  armature  surface.  The  poles  are 
alternately  north  and  south,  and  the  general  direction  of  the  lines 
of  force  is  indicated  in  the  diagram.  It  is  evident  that  the 
armature  conductors  at  opposite  extremities  of  a  diameter,  which 
are  passing  under  similar  poles,  must  have  induced  in  them  a 
current  in  the  same  direction;  for  example,  if  the  direction  of 
rotation  were  right-handed,  two  conductors,  passing  respectively 
under  st  and  s2,  would  have  induced  in  them  currents  flowing 
upwards  through  the  paper.  If,  therefore,  an  armature  section 
were  wound  in  the  same  way  as  for  a  two-pole  machine  (see 
fig.  218) — that  is  to  say,  if  two  diametrically  opposite  conductors 
formed  one  section  of  the  armature  and  were  joined  to  two 
adjacent  commutator  bars— no  current  would  be  obtained,  the 
e.m.f.  induced  in  one  conductor  neutralising  that  in  the  other, 
and  this  neutralisation  would  occur  at  every  part  of  the  field. 

We  may,  in  fact,  select  any  one  active  conductor  at  any 
stage  (except  that  in  which  commutation  occurs),  and  we  shall 
find  that  the  conductor  diametrically  opposite  it  has  a  current 
induced  in  it  in  the  same  direction — that  is  to  say,  in  any  pair 
of  diametrically  opposite  conductors  the  currents  will  both  flow 
either  towards  or  away  from  the  commutator  end  of  the  armature. 
Now  these  pairs  of  conductors  may  be  so  connected  that  they 
feed  the  external  circuit  either  in  series  or  in  parallel ;  the  former 
arrangement  is  adopted  when  the  electro-motive  force  is  re- 
quired to  be  comparatively  high  with  a  correspondingly  low 
current  strength,  and  the  latter  when  a  heavy  current  with 
correspondingly  low  e.m.f.  is  desired. 

If  the  series  connection  is  adopted  two  sets  of  brushes  only 
are  required,  set  at  an  angle  of  900  apart,  the  current  having  two 
paths  open  to  it  through  the  armature  from  brush  to  brush,  as  in 
an  ordinary  drum  armature.  The  minimum  number  of  active 
conductors  joined  in  series  thus  becomes  four  per  section,  the 
current  through  any  one  section  passing,  say,  from  front  to 
back  along  the  first  active  conductor,  returning  by  one  situated 
900  further  on,  then  passing  from  back  to  front  by  a  conductor 
yet  900  further  ahead,  and  finally  returning  by  one  still  further 
round  by  900. 
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When  the  parallel  arrangement  is  followed  the  minimum 
number  of  active  conductors  per  section  is  two,  situated  900 
apart,  and,  unless  a  special  method  of  cross  connection  is 
adopted,  four  sets  of  brushes  are  necessary,  these  sets  being  900 
apart,  and  the  diametrically  opposite  pairs  positive  and  negative 
respectively.  In  most  cases,  as  the  current  to  be  collected  is 
heavy,  the  four  sets  of  brushes  are  employed,  opposite  sets  being 
directly  joined  together  externally. 

In  fig.  225  a  and  b  represent  two  active  conductors  placed 
900  apart,  and   in   the  case   of  an  armature  with  parallel  con- 

Fig.  335 


nections  these  two  conductors  would  be  joined  together  by  a 
cross-connector  at  the  back,  while  their  ends  in  front  would  be 
joined  to  adjacent  bars  on  the  commutator.  It  will  be  seen  that 
the  coil  or  section  of  which  they  form  the  essential  part  embraces 
practically  the  whole  of  the  lines  of  force  entering  or  leaving  any 
one  field- magnet  pole  while  they  are  in  a  position  similar  to  that 
shown  in  the  figure.  These  conductors  are  most  active  when 
(allowing  for  a  slight  distortion  of  the  field)  they  have  each  just 
passed  the  middle  point  of  their  respective  pole-pieces,. and  least 
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active  when  900  from  this  point ;  so  that  the  commutation  takes 
place  in  this  latter  position,  which- is  that  indicated  in  the  figure. 
In  fact,  it  may  be  taken  as  a  general  rule  for  any  type  of  machine 
that  the  reversal  of  current  in,  and  therefore  the  commutation 
of,  any  one  armature  section  always  occurs  at  the  moment  when 
that  section  is  embracing  the  maximum  number  of  lines  of 
force. 

The  student  should  now  be  in  a  position  to  study  the  details 
of  typical  modern  machines,  and  appreciate  the  excellent  manner 
in  which  established  principles  have  been  applied.  A  comparison 
of  these  machines  with  the  bipolar  machines  illustrated  in  the 
earlier  portion  of  this  chapter  will  also  be  instructive.  A  modern 
direct-current  machine  with  auxiliary  or  commutation  poles,  as 
designed  by  Messrs.  Bruce,  Peebles  &  Co.,  is  illustrated  in 
fig.  226. 

The  particular  machine  illustrated  has  a  number  of  excellent 
features  and  was  constructed  for  the  Shanghai  Municipal  Council 
for  a  load  of  650  kilowatts  at  a  pressure  of  550  volts  when  driven 
at  a  speed  of  230  revolutions  per  minute,  the  current  being  about 
1 1 80  amperes.  The  figure  gives  a  longitudinal  section  of  the 
machine,  together  with  an  end  view,  half  in  section.  A  few  of  the 
principal  dimensions  are  given  in  millimetres.  The  frame  A  con- 
sists of  a  cast-steel  ring,  made,  for  convenience  of  erection  and 
repairs,  in  two  halves,  which  are  bolted  together  at  b  b,  and  this 
frame  can  be  secured  to  the  bed-plate  c  by  means  of  bolts  at  d  d. 
There  are  eight  main  poles,  which  are  of  rectangular  section  and 
are  cast  solid  with  the  frame.  The  machine  is  of  the  compound 
type,  the  field-magnet  coils  consisting  of  a  shunt  winding  and  a 
series  winding,  which  are  coiled  on  separate  frames  or  bobbins,  a 
narrow  air  channel  a  being  provided  between  the  bobbins  and 
the  pole-core  for  the  purpose  of  ventilation.  After  the  coils  have 
been  impregnated  and  slipped  into  position,  the  pole-shoes  are 
fixed  to  the  ends  of  the  cores  by  means  of  screws. 

The  construction  of  the  armature  is  clearly  shown  in  the 
figure.  A  cast-iron  hub  e,  having  two  sets,  each  of  eight  radial 
arms  f,  is  securely  keyed  to  the  steel  shaft,  and  is  cast  so  that  it 
serves  as  a  coupling  by  which  the  prime  mover  can  be  connected 
for  driving  the  machine.     At  the  other  end  the  hub  is  turned 
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When  the  parallel  arrangement  is  followed  the  minimum 
number  of  active  conductors  per  section  is  two,  situated  900 
apart,  and,  unless  a  special  method  of  cross  connection  is 
adopted,  four  sets  of  brushes  are  necessary,  these  sets  being  900 
apart,  and  the  diametrically  opposite  pairs  positive  and  negative 
respectively.  In  most  cases,  as  the  current  to  be  collected  is 
heavy,  the  four  sets  of  brushes  are  employed,  opposite  sets  being 
directly  joined  together  externally. 

In  fig.  225  a  and  b  represent  two  active  conductors  placed 
900  apart,  and  in  the  case  of  an  armature  with  parallel  con- 
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nections  these  two  conductors  would  be  joined  toget 
cross-connector  at  the  back,  while  their  ends  in  front 
joined  to  adjacent  bars  on  the  commutator.     It  will 
the  coil  or  section  of  which  they  form  the  essential 
practically  the  whole  of  the  lines  of  force  entering  or 
one  field-magnet  pole  while  they  are  in  a  position 
shown  in  the   figure.     These  conductors  are  most/ 
(allowing  for  a  slight  distortion  of  the  field)  they  h|* 
passed  the  middle  point  of  their  respective  pole-pt£ 
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place  in  this  latter  position,  which-  is  that  indicated  in  the  figure. 
In  fact,  it  may  be  taken  as  a  general  rule  for  any  type  of  machine 
that  the  reversal  of  current  in,  and  therefore  the  commutation 
of,  any  one  armature  section  always  occurs  at  the  moment  when 
that  section  is  embracing  the  maximum  number  of  lines  of 
force. 

The  student  should  now  be  in  a  position  to  study  the  details 
of  typical  modern  machines,  and  appreciate  the  excellent  manner 
in  which  established  principles  have  been  applied.    A  comparison 
of  these  machines  with   the  bipolar  machines  illustrated  in  the 
earlier  portion  of  this  chapter  will  also  be  instructive.    A  modem 
direct-current  machine  with  auxiliary  or  commutation  poles,  *> 
designed  by   Messrs.    Bruce,   Peebles  &  Co.,  is  illustrated  & 

fig-  226.  •  ^^ 
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down  to  receive  the  commutator  spider.  The  armature  core 
plates,  g,  are  of  thin  wrought  iron  and  have  144  slots  for  the 
reception  of  the  conductors,  each  slot  carrying  six  conductors,  the 
arrangement  of  which  together  with  the  method  of  insulation  is 
shown  in  fig.  227.  The  armature  winding  is  of  the  parallel  type 
and  consists  of  432  coils,  there  being,  as  usual,  the  same  number 
of  commutator  segments  as  there  are  coils. 

Each  armature  coil  has  one  turn,  and  thus  there  is  a  total  of 

864  conductors  in  the  slots.     The  section  of  the  conductors  is 

found  from  the  drawing  to  be  about  47  sq.  mm.,  and  the  current 

per   conductor  will  therefore  be  about 

■     -  =  147^5  amperes  since  the  armature 

is  parallel- wound.  Consequently  the 
current  density  is  about  3-14  amperes 
per  sq.  mm.  All  the  core  discs  are 
clamped  (irmly  together  between  the  two 
end-plates,  h,  by  means  of  sixteen  bolts, 
the  discs  being  separated  at  six  intervals 
to  allow  of  ventilation.  The  core  end- 
plates  are  provided  with  ventilation 
holes,  and  the  rims  serve  as  supports  for 
the  overhanging  ends  of  the  winding. 
These  ends  are  bound  in  position  by 
means  of  a  number  of  turns  of  steel 
wire  wound  tightly  round,  and  soldered 
together — a  strip  of  mica  being  placed 
between  the  binding  wire  and  the  coils.  The  conductors  are 
held  in  position  in  the  slots  by  means  of  wedges  as  shown  in 
fig.  217.  The  armature  core  is  driven  by  means  of  a  key  in 
each  arm.  The  manner  of  fixing  the  commutator  segments  can 
be  seen  from  fig.  226.  The  segments  are  made  of  hard-drawn 
copper,  and  are  insulated  from  one  another  by  mica  strips  cut 
to  the  same  shape  as  the  segments.  A  wedge-shaped  ring,  K, 
at  one  .end  of  the  commutator  spider  grips  the  segments  at 
one  end,  the  other  end  being  fixed  by  a  steel  wedge-shaped 
ring  1,  which  is  screwed  on  to  the  rim  of  the  commutator 
spider.     There  is,  of  course,  a  good  layer  of  mica  and  shellac 
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insulation  between  the  segments  and  frame.  There  are  eight  sets 
of  commutator  brushes,  every  alternate  brush  being  connected  to 
one  or  other  of  two  rings  from  which  connections  are  taken  to  the 
two  terminals  of  the  machine. 

It  will  be  noticed  that  only  one  pedestal  and  bearing  is  shown, 
as  the  machine  is  supported  at  the  other  end  by  the  coupling 
already  referred  to.  Lubrication  is  effected  by  means  of  rings 
which  ride  loosely  on  the  shaft  and  carry  the  oil  up  from  the  well 
into  grooves  provided  in  the  white  metal  which  forms  the  surface 
of  the  bearing.  The  wedge-shaped  collars  on  the  shaft  are 
intended  to  prevent  the  oil  from  spreading  to  the  outer  side  of 
the  bearing  cover.  When  necessary — that  is  to  say,  when  there  is 
any  risk  that  any  of  the  various  nuts  on  the  machine  shall  work 
loose  in  consequence  of  the  vibration,  they  are  effectively  locked 
by  means  of  Thackwray  washers,  which  consist  of  springs  or  one 
or  more  turns  of  flat  steel  strip. 

It  has  already  been  explained  that,  in  order  to  obtain  sparkless 
running,  it  is  often  necessary  to  give  the  brushes  in  the  case  of 
a  generator  such  a  '  lead '  that  the  coil  which  is  undergoing 
commutation  may  move  in  a  magnetic  field  which  assists  in 
reversing  the  current  in  the  coil,  the  field  utilised  in  this  case 
being  provided  by  the  main  pole.  It  is,  however,  possible  to 
provide  this  field  by  means  of  a  magnet  pole  excited  by  a 
separate  coil,  the  pole  being  placed  in  the  space  between  two 
adjacent  main  poles,  and  excited  by  coils  which  are  placed  in 
series  with  the  armature  circuit  In  this  way  a  'commutation 
field '  is  produced  which  varies  more  or  less  in  proportion 
with  the  load.  This  is  a  very  valuable  feature,  and  in  order  to 
facilitate  matters  the  induction  density  in  the  auxiliary  poles  is 
kept  low. 

The  number  of  '  commutation '  poles  is  generally  made  to  equal 
the  number  of  main  poles,  but  it  can  be  shown  that  the  necessary 
number  is  only  one  in  the  case  of  a  machine  whose  armature  has 
a  winding  of  the  series  type,  while  for  a  machine  whose  armature 
winding  is  of  the  parallel  type  the  number  of  these  auxiliary  poles 
need  only  be  equal  to  half  the  number  of  main  poles.  In  the 
machine  shown  in  fig.  226  the  number  of  commutation  poles  is 
four,  two  of  them  being  shown  at  m  m. 
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At  n  '  equalising '  rings  are  shown  which  are  connected  at 
suitable  points  to  the  armature  conductors,  and  serve  to  equalise 
the  currents  in  the  armature  coils  and  thereby  to  maintain  the 
machine  in  balance  magnetically.  While  not  attempting  to  fully 
explain  the  principle  involved  in  this  device,  it  may  be  pointed 
out  that  if  it  were  not  adopted  an  inequality  in  the  magnetic 
balance  would  not  only  tend  to  make  the  shaft  vibrate,  but  would 
result  in  the  flow  of  possibly  very  heavy  currents  between  the 
commutator  brushes  of  the  same  polarity,  which  are,  of  course, 
all  connected  together.  The  sparking  limits  would  consequently 
be  considerably  reduced. 

In  fig.  228  the  construction  of  the  armature  core  and  com- 
mutator is  shown  in  detail  for  a  direct-current  generator  giving 
600  kilowatts  at  290  revolutions  per  minute.  The  core  plates 
are  built  up  in  seven  sets  separated  by  ventilating  ducts,  and  inside 
each  duct  there  are  two  specially  thick  plates  of  sheet  steel  of 
about  1*6  mm.  in  thickness.  One  of  these  plates  has  distance 
pieces  attached  which  act  as  wedges  between  the  two  thick  plates 
and  at  the  same  time  allow  of  the  circulation  of  the  air.  There 
are  144  slots  in  the  armature,  each  slot  having  four  conductors, 
giving  a  total  of  288  coils,  and  there  is  one  coil  per  commutator 
segment.  A  sketch  of  a  cross-section  of  one  of  the  slots  is  shown 
separately  in  fig.  229.  The  separate  conductors  are  insulated 
in  the  usual  way  and  kept  in  position  by  a  wedge  of  fibre. 
The  armature  winding  is  of  the  parallel  type,  and  as  in  the  larger 
machine,  previously  described,  equalising  rings,  b  (fig.  228),  are 
provided  for  balancing  purposes.  The  ends  of  the  armature 
conductors,  a  a,  are  secured  by  means  of  tinned-steel  wire.  The 
substantial  support  for  the  commutator  segments,  c,  and  the 
method  of  securing  them  are  also  clearly  indicated.  A  number 
of  dimensions  indicated  in  millimetres  is  included  in  the  illus- 
tration. 

It  is  customary  to  test  the  insulation  of  the  commutator  to  the 
frame  by  fitting  a  metal  ring  tightly  over  the  segments  and 
connecting  it  to  one  terminal  of  a  transformer  (Chapter  XIII.), 
giving  about  2000-3000  volts,  the  other  terminal  being  connected 
to  the  frame. 

Details  concerning  another    first-class    multipolar  machine, 
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!  by  Messrs.  J.  H.  Holmes  &  Co.,  are  given 


454 

designed  in  this  ca: 
in  figs.  230  and  231. 

The  magnet  frame  a  is  a  ring  of  cast  steel  to  which  the  main 
poles  b  and  the  commutation  poles  c  are  bolted.  There  are  six 
main  poles  built  out  of  soft-iron  laminations,  which  are  clamped 
together  between  two  steel  end  plates.  The  field-magnet  coils 
are  wound  in  sections  as  shown  at  n,  the  sections  being  separated 
by  pieces  of  wood  and  the  whole  taped  together.  The  machine 
is  compound  wound,  having  both  series  and  shunt  field-magnet 
coils,  the  shunt  coils  being  wound  in  two  sections  per  pole.  This 
enables  the  heat  to  be  more  easily  conducted 
away,  for  the  cooling  surface  is  much  greater 
than  it  would  be  if  the  coils  were  all  wound 
continuously.  Moreover,  there  is  a  space 
between  the  poles  and  the  coils  which  allows 
a  current  of  air  to  pass  through  and  thus  to 
satisfactorily  ventilate  the  field  winding.  The 
particular  machine  illustrated  had  to  satisfy 
rather  stringent  conditions  as  to  the  tempera- 
ture rise  of  the  various  parts,  and  after  a  six 
hours'  run  at  full  load  the  increase  of  tem- 
perature of  the  field-magnets  was  only  41  °  F., 
which  is  exceptionally  low.  The  commuta- 
tion poles  are  six  in  number,  and  each  pole 
is  bolted  to  the  frame  midway  between  two 
consecutive  main  poles.  A  special  feature 
of  the  auxiliary  poles  in  this  particular 
machine  is  the  shape  of  the  shoe,  which  departs  from  the  usual 
practice  in  that  it  is  skewed  over  towards  the  main  pole  of  the 
same  polarity  as  itself.  Hence  commutation  is  not  allowed  to 
take  place  with  the  brushes  midway  between  the  main  poles,  but 
the  brushes  are  shifted  forwards  so  that  they  short-circuit  those 
conductors  which  lie  near  the  leading  pole  tip  or  the  main  pole — 
that  is  to  say,  that  pole  tip  which  the  short-circuited  conductors 
are  approaching.  The  object  of  this  special  form  is  to  prevent 
a  flash  round  the  commutator  when  the  load  is  suddenly  changed. 
There  are  six  sets  of  brushes,  which  are  connected  alternately  to 
each  of  the  copper  bars  L  L,  this  being  allowable  because  every 
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alternate  brush- set  is  of  similar  polarity.  The  armature  has  a 
4  wave '  or  series  winding,  and  there  are  93  slots  in  the  armature 
core,  each  of  which  carries  four  conductors.  Although  it  is 
possible,  when  this  type  of  winding  is  adopted,  to  collect  the  total 
current  from  two  brush-sets  only,  independently  of  the  number  of 
poles,  it  is  nevertheless  advantageous  to  provide  as  many  brush- 
sets  as  there  are  poles,  for,  apart  from  the  fact  that  the  arrange- 
ment provides  greater  facilities  for  collecting  the  heavy  currents, 
there  is  much  less  danger  of  sparking  at  the  commutator. 

All  the  coils  of  the  commutation  poles  are  joined  in  series, 
their  extremities  being  connected  to  two  rods  which  form  the 
terminals  of  the  machine.  The  armature  core  e  is  built  up  of  soft- 
iron  laminations  collected  together  in  five  sections,  each  section 
being  separated  by  distance  fingers,  thus  allowing  passages  for 
the  circulation  of  air,  with  the  object  of  keeping  the  whole  cool. 
The  core  plates  are  threaded  on  the  arms  s  of  the  cast-iron 
spider,  whose  boss  f  fits  on  to  the  shaft.  The  end-plate  t  serves 
the  double  purpose  of  clamping  the  core  discs  together  and 
providing  a  support  for  the  ends  of  the  armature  coils.  The 
external  diameter  of  the  armature  core  is  36  in.,  and  the  length  of  the 
core  between  the  clamping  disc  is  9  J  in.  The  commutator  spider 
fits  on  the  boss  of  the  armature  spider,  and  the  construction  of 
the  commutator  will  be  clear  from  fig.  231,  in  which  g  indicates 
the  ventilation  passages  through  the  body  of  the  commutator. 
Each  brush  set  consists  of  five  carbon  brushes,  which  are  kept  in 
position  by  springs.  This  provides  a  much  more  certain  contact 
than  can  be  obtained  with  a  single  brush,  and  allows  for  any 
slight  uneven ness  in  the  wear  of  the  bearing  surfaces. 

All  the  brush  holders  are  screwed  to  the  ring  plate  m  (fig.  230), 
which  is  capable  of  being  rotated  through  a  few  degrees  by  means 
of  the  hand  wheel  p.  This  ring  plate  is  kept  in  position  by  six 
small  plates  /  (fig.  231),  which  permit  of  the  sliding  of  the  ring  m 
backwards  and  forwards  in  its  grooves.  The  output  of  the  machine 
at  a  speed  of  375  revolutions  per  minute  is  200  kilowatts  at  550 
volts,  which  shows  that  the  full  load  current  will  be  364  amperes. 
After  a  six  hours'  run  at  full  load  in  an  atmosphere  at  a  temperature 
of  590  F.  the  rise  of  temperature  of  the  commutator  was  only  330  F., 
of  the  armature  winding  390  F.,  and  of  the  armature  core  430  F. 
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We  have  already  stated  that  the  temperature  rise  of  the 
field-magnets  was  only  410  F.  These  figures  are  exceptionally 
low,  and  in  view  of  the  fact  that  an  all-round  rise  of  about  700  F. 
is  permissible,  it  should  be  evident  that  the  machine  could  be 
rated  at  a  considerably  higher  output  in  the  ordinary  way. 

The  winding  of  the  field-magnets  is  compound  and  the 
resistance  of  each  shunt  coil  is  18  ohms  and  of  each  series  coil 
0*00096  ohm.  Since  there  are  six  coils,  the  total  resistance  of 
the  shunt  winding  is  108  ohms  and  of  the  series  winding  0*00576 
ohm.  The  flux  per  pole  is  8}  millions  of  lines.  Now  from  the 
formula  already  given  for  the  calculation  of  the  e.m.f.  developed 
in  a  multipolar  machine  we  can  see  how  the  e.m.f.  of  this  machine 
can  be  found,  for  the  e.m.f.  developed  is 

io*         a 
in  which  p  =  93  x  4  =  372  conductors;  n  =  8£  x  io6  lines; 

n  =  315-  =6*25  revs,  per  sec. ;  and,  since  the  armature  is  series 
60 

wound  and  there  are  three  pole  pairs,  ?  =  3 ; 

a 

,\  e.m.f.  developed 

volts 


__  8-25  x  io6  x  372  x  6-25  x  3 


IO8 


=  575  volts 


To  obtain  the  terminal  potential  difference  we  must  subtract  from 
this,  not  only  the  pressure  drop  due  to  the  current  in  the  armature, 
but  also  the  drop  due  to  the  current  in  the  series-winding  and 
commutation  poles.  The  total  resistance  of  these  in  series  with 
one  another  is  0*021  +  6  x  0*00096  +  6  x  o*ooi  ohm 

=  0*021  +  0*00576  +  0*006  ohm 
=  0*03276  ohm 

assuming  the  resistance  of  the  commutation  pole  winding  to  be 
about  equal  to  that  of  the  series  field  winding.  The  pressure  drop 
is  therefore  364  x  0*03276  volts  =11*9  volts.  Besides  this  there 
is  a  drop  of  about  2  volts  due  to  the  contact  resistance  of  the 
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brushes.  Hence  the  resultant  terminal  e.m.f.  should  be,  according 
to  this,  about  560  volts.  It  must  be  remembered,  however,  that  in 
calculating  the  e.m.f.  developed  we  assumed  that  all  the  conductors 
were  active ;  as  a  matter  of  fact,  a  little  consideration  will  show 
that  since  about  six  conductors  are  short- circuited  the  net 
number  of  active  bars  is  only  about  366,  and  therefore  the  above 

obtained  e.m.f.  must  be  reduced  in  the  ratio  ^     ,  which  gives  the 

372 

resultant  available  terminal  pressure  as  550  volts. 

This  machine  is  intended  for  direct  coupling  to  an  engine,  and 
the  whole  arrangement  is  fixed  to  the  bed-plate  w.  There  is  only 
one  bearing,  which  is  lubricated  by  rings,  which  fit  into  the  grooves 
a  a  and  dip  into  the  oil  below  ;  the  oil  is  therefore  carried  round 
with  the  shaft,  providing  a  very  efficient  and  satisfactory  means  of 
lubrication.  The  other  end  of  the  shaft  is  supported  by  the 
engine  coupling. 

The  principle  of  direct  coupling  to  steam  turbines  described 
in  Chapter  VIII.  in  connection  with  the  turbo-alternator  is  also 
applicable  to  continuous  current  working,  and  much  of  what  was 
said  in  respect  to  the  special  features  of  the  turbo-alternator 
appertains  equally  well  to  the  direct-current  turbo-dynamo.  In 
machines  of  the  latter  class,  however,  the  field  system  is  always 
stationary,  and  is  often  provided  with  commutation  poles. 
Additional  compensation  windings  are  also  usually  provided, 
consisting  of  coils  which  are  placed  in  specially  prepared  slots 
made  in  the  pole-shoes,  their  object  being  to  assist  in  neutralising 
the  distorting  effect  of  the  armature  current,  and  thereby  to 
increase  the  facilities  for  satisfactory  commutation. 

A  very  noticeable  feature  in  connection  with  the  armature  is 
its  great  length  as  compared  with  its  diameter.  As  a  matter  of 
fact,  each  of  these  dimensions  is  in  large  machines  made  as  great 
as  circumstances  will  permit.  The  determining  factor  in  the  case 
of  the  diameter  is  the  circumferential  velocity,  which  must  be 
kept  within  such  limits  as  will  avoid  the  risk  of  the  coils  shifting 
their  position,  while  the  length  must  be  such  that  the  potential 
difference  between  adjacent  commutator  segments  shall  not  be 
too  high,  otherwise  there  will  be  the  risk  of  the  current  flashing 
from  segment  to  segment  and  from  brush  to  brush  round  the 
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commutator.  Fig.  232  illustrates  an  armature  for  a  turbo- 
generator built  by  Messrs.  Brown,  Boveri  &  Co.  for  an  output 
of  1500  kilowatts  at  a  pressure  of  550  to  650  volts,  when  running 
at  a  speed  of  1000  revolutions  per  minute.  The  ventilation  of 
the  armature  is  effected  in  a  manner  similar  to  that  described  in 
connection  with  the  rotor  of  a  turbo- alternator,  and  the  openings 
provided  for  this  purpose  at  the  end  of  the  armature  can  be  clearly 
seen  in  the  figure.  The  rotor  is  carefully  balanced  by  means  of 
screws  in  the  end  caps,  both  before  and  after  coupling  to  the 
turbine.     Some  of  these  screws  are  shown  in  the  figure. 

The  commutator  is  exceptionally  long,  and  in  order  to  prevent 
the  segments  from  flying  out,  steel  rings  are  shrunk  on  at  intervals, 


suitable  means  being,  of  course,  adopted  to  adequately  insulate 
these  rings  from  the  segments.  A  groove  is  cut  in  each  of  the 
rings,  and  steel  plates  of  the  necessary  dimensions  are  screwed 
into  them,  in  order  to  ensure  that  the  commutator  shall  be 
perfectly  balanced. 

Several  devices  have  been  adopted  by  various  manufacturers 
with  the  object  of  keeping  the  commutator  cool.  Sometimes  a 
blast  of  air  is  directed  on  to  the  surface,  but  one  device  which 
has  proved  very  satisfactory  is  to  drill  a  number  of  holes  in  the 
segments  parallel  with  the  axis,  and  by  a  special  arrangement  of 
vanes  to  cause  the  air  to  be  drawn  right  through  the  segments, 
with  the  result  that  they  are  effectively  kept  at  a  low  temperature. 

In  concluding  this  chapter,  we  may  with  advantage  make  a 
few  further  remarks  concerning  the  losses  which  reduce  the  effi- 
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ciency  of  a  dynamo.  Omitting  the  power  absorbed  in  overcoming 
the  conductor  resistance,  which  can  easily  be  calculated,  the  losses 
may  be  classified  under  three  general  heads :  (a)  mechanical  friction ; 
(b)  eddies  in  conductor ;  (c)  losses  in  armature  core  and  pole-shoes. 
The  friction  occurs  princfpally  at  the  bearings — for  the  commutator 
brushes  should  exert  only  just  sufficient  pressure  to  ensure  reliable 
contact — and  the  loss  due  to  this  cause  increases  regularly  with 
the  speed  at  which  the  machine  is  driven.  In  order  to  make  the 
friction  at  the  bearings  as  low  as  possible,  care  should  be  taken 
that  the  armature  is  perfectly  balanced  magnetically  as  well  as 
mechanically,  while  the  bearings  themselves  should  be  well 
designed  and  well  made.  A  good  lubricant  should  be  employed, 
and  should  the  accidental  entrance  of  grit  or  dirt  or  any  other 
cause  give  rise  to  undue  heating,  the  bearings  should  be  carefully 
cleaned  at  the  first  opportunity,  and,  if  necessary,  scraped. 

Fig.  233 


When  the  conductor  is  massive,  as  in  the  case  of  a  bar  armature, 
the  eddy  currents  in  the  conductor  itself  may  be  sufficiently 
important  to  absorb  a  considerable  amount  of  power,  and,  as  we 
have  seen,  such  conductors  are  frequently  laminated,  or  some- 
times braided  wire  is  employed,  to  prevent  the  circulation  of  the 
currents.  A  form  of  laminated  armature  bar  frequently  employed 
is  that  shown  in  fig.  233.  It  consists  of  a  number  of  bare  copper 
wires  twisted  together  and  then  compressed  into  rectangular  bars. 
As  the  electro- motive  force  tending  to  set  up  the  eddy  currents  is 
exceedingly  feeble,  very  slight  insulation  suffices ;  the  thin  film 
of  oxide  with  which  copper  becomes  coated  upon  exposure  to  the 
air  is  sufficient,  provided  the  pressure  applied  in  compressing 
the  wires  has  not  been  great  enough  for  the  wires  to  break  through 
this  film  and  make  metallic  contact ;  but,  as  a  further  precaution, 
the  wires  are  usually  coated  with  oil.     The  strands  should  not  be 
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sweated  at  both  ends,  otherwise  the  advantage  of  stranding  is 
liable  to  be  annulled,  since  the  induced  eddy  currents  would 
then  be  able  to  make  a  complete  circuit  through  the  sweated 
ends. 

Lamination  of  the  iron  core,  if  properly  performed,  also 
reduces  to  a  minimum  the  eddies  in  the  iron ;  but  there  is 
another  source  of  loss  which  arises  when  lines  of  force  passing 
through  iron  are  rapidly  reversed  or  altered  in  direction,  due  to 
the  phenomenon  known  as  hysteresis.  This  loss  appears  to  be 
the  result  of  a  kind  of  internal  friction  between  the  molecules  of 
the  iron  when  they  change  their  position,  as  we  believe  they  do, 
under  the  influence  of  the  magnetising  force.  At  any  rate,  it  is 
not  possible  to  project  lines  of  force  through  iron,  or  to  alter  their 
position,  without  a  small  amount  of  work  being  performed  inde- 
pendently of  that  resulting  in  eddies. 

This  question  has  already  been  referred  to  at  the  end  of 
Chapter  VII.,  and  it  will  be  remembered  that  the  energy  lost  by 
hysteresis  per  cubic  centimetre  of  iron  depends  upon  the  value  of 
the  maximum  induction  B  and  also  upon  the  coercive  force  of  the 
iron  employed.  Thus,  for  one  particular  specimen  of  iron,  when 
B  =  18,000,  Dr.  Hopkinson  estimated  that  13,000  ergs  per  cubic 
centimetre  were  expended  in  twice  completely  reversing  the 
magnetisation,  or  in  performing  the  complete  cycle  of  operations 
as  indicated  by  the  curve  in  fig.  137.  If  iron  of  this  description 
were  employed  for  an  armature  core  having  a  mass  of,  say,  1000 
cubic  centimetres,  and  if  the  flux  corresponding  to  an  induction 
B  =  18,000  were  twice  reversed,  say  50  times  per  second,  the 
energy  lost  by  hysteresis  per  second  would  be  13,000  x  1000  x 
50  =s  650,000,000  ergs.  Since  a  loss  of  10,000,000  ergs  per 
second  is  equivalent  to  one  watt,  this  would  represent  a  loss  of 

65°  =  65  watts. 
10  ° 

As,  however,  any  vibration  to  which  the  iron  may  be  subjected 
assists  in  the  changing  in  position  of  the  particles  under  the 
influence  of  the  magnetising  force,  and  as  the  armature  of  a 
dynamo  machine  when  running  experiences  considerable  vibra- 
tion, the  losses  due  to  hysteresis  are  in  practice  somewhat  less 
than  those  calculated  from  experiments  made  with  the  specimen 
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free  from  vibration.  The  reduction  in  the  hysteresis  effect  by 
vibration  is,  however,  less  when  the  induction  is  high,  as  in  the 
case  of  an  armature  core,  and  in  any  case  the  small  advantage 
accruing  from  this  vibration  does  not  in  any  way  diminish  the 
importance  of  selecting  iron  of  low  coercive  force. 

With  a  given  number  of  lines  of  force  in  any  armature  core 
the  loss  due  to  eddy  currents  varies  as  the  square  of  the  speed  of 
rotation,  while  the  loss  from  hysteresis  is  proportional  to  the  speed 
simply.  The  former  result  follows  from  the  fact  that  when  the 
speed  is,  say,  doubled,  the  strength  of  the  eddy  currents  is  also 
doubled,  and  the  resistance  remaining  constant,  the  power  lost  is 
proportional  to  the  square  of  the  current  strength.  The  hysteresis 
loss,  however,  depends  upon  the  number  of  times  that  the  iron 
particles  are  completely  rotated  per  second,  and  this  effect  varies 
simply  with  the  speed  at  which  the  armature  is  rotated.  We 
might  also  expect  that  the  hysteresis  loss  would  vary  directly  with 
the  value  of  B,  the  intensity  of  the  magnetic  induction  through  the 
iron,  but  experiment  shows  that  the  loss  increases  at  a  much 
faster  rate  than  this,  although  no  definite  reasons  can  be  assigned 
to  assist  us  in  calculating  the  exact  rate.  Mr.  Steinmetz  has 
shown  by  experiment  that  the  loss  by  hysteresis  increases  as  the 
t*6th  power  of  the  inductive  density  in  the  iron,  or 

hysteresis  loss  s=  v  a  «  B  1,e  -J-  io7  watts 

when  v  is  the  volume  of  the  iron  in  cubic  centimetres,  a  the 
coefficient  to  be  determined  by  experiment  for  the  particular 
quality  of  iron,  n  the  number  of  complete  reversals  per  second, 
and  B  the  value  of  the  magnetic  induction  through  the  iron. 
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CHAPTER  XI 

DIRECT-CURRENT  DYNAMOS    (CONCLUDED) 

In  the  armatures  of  the  direct-current  machines  hitherto  described, 
all  the  coils  are  connected  together,  and  the  junction  of  each  ad- 
jacent pair  is  joined  to  a  bar  of  the  commutator.  The  whole  of 
the  wire  thus  forms  a  complete  electrical  circuit,  independently 
of  any  connection  which  may  be  made,  by  means  of  the  brushes, 
to  the  external  circuit ;  and  such  armatures  are  frequently  referred 
to  as  c  closed-coil '  armatures.  But  there  is  another  method  of 
constructing  an  armature,  in  which  the  coils  are  kept  quite 
separate,  each  coil  having  in  the  simplest  form  a  separate  two  part 
commutator,  so  that  each  commutator  segment  has  only  one  end 
of  one  coil  connected  to  it.  Every  coil  is  then  open  or  discon- 
nected at  the  commutator  when  the  brushes  are  removed,  and 
such  armatures  are  known  as  '  open-coil '  armatures.  Direct- 
current  machines  for  developing  a  high  electro-motive  force, 
say  2000  or  3000  volts,  were  at  one  time  usually  built  with  open- 
coil  armatures,  and  although  they  have  long  since  passed  out  of 
general  use,  such  machines  were  frequently  used  for  electric 
lighting  in  cases  where  the  type  of  the  lamps  and  their  disposi- 
tion were  such  as  to  require  the  transmission  of  a  current  of 
moderate  but  uniform  strength  through  an  external  and  com- 
paratively high  resistance.  In  a  closed-coil  armature  the  e.m.f. 
generated  by  every  coil  in  any  and  every  position,  excepting  at 
the  moment  when  it  is  short-circuited  by  the  brush,  forms  a  part 
of  the  total  e.m.f.  of  the  machine  and  does  its  share  towards 
urging  the  required  current  through  the  external  circuit.  On  the 
contrary,  in  an  open-coil  armature  the  current  is  collected  from  a 
coil  while  it  is  in  or  near  the  position  of  greatest  activity  only,  or 
while  the  e.m.f.  induced  in  it  is  at  or  near  its  maximum,  the  coil 
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being  thrown  out  of  circuit  during  the  time  that  it  passes  through 
the  period  of  least  activity.  At  the  beginning  of  this  latter  period 
another  coil  enters  the  best  position,  and  commences  to  feed  the 
circuit.  The  coils  may  be  wound  either  on  the  ring  or  drum 
principle,  and  in  the  former  case  the  two  coils  at  opposite  ex- 
tremities of  a  diameter  are  usually  joined  together  in  series,  and 
may  therefore  be  treated  as  one  coil. 

Many  of  the  elementary  principles  examined  in  connection 
with  the  machines  already  described  hold  equally  well  for  those 
with  open-coil  armatures,  and  while  it  is  unnecessary  to  again 
enter  into  a  lengthy  discussion  of  these  matters,  we  may  say,  briefly, 
that  the  field  will  be  distorted  in  the  same  manner,  and  that  the 
position  of  maximum  activity  for  any  coil  will  be  that  in  which 
its  plane  is  parallel  to  the  lines  of  force  of  this  resultant  field.  To 
minimise  the  distortion,  and  to  obtain  a  high  e.m.f.  for  a  given 
speed  of  rotation,  the  field-magnets  must  in  this  case  also  be 
designed  to  maintain  a  powerful  field. 

The  high  e.m.f.  developed  requires,  however,  even  greater 
precautions  as  regards  insulation  than  are  taken  with  ordinary 
closed  coil  machines,  and  this  point  must  be  kept  in  view  in 
designing  and  selecting  the  materials  for  the  insulation  both  of 
the  armature  and  of  the  field-magnet  coils.  In  closed-coil 
machines  the  maximum  electro- motive  force  developed  is  as  a  rule 
comparatively  low  ;  and  the  potential  difference  between  adjacent 
coils  and  commutator  bars  being  only  a  fraction  of  the  total 
potential  difference  at  the  brushes,  the  difficulties  in  the  way  of 
efficient  insulation,  even  in  cases  where  the  machine  is  designed  to 
produce  a  high  electro-motive  force,  are  not  so  great  as  might 
appear  at  first  sight  But  while  in  a  closed-coil  machine  the 
number  of  active  conductors  joined  in  series  between  the  brushes 
is  never  more  than  half  the  total  number,  in  an  open-coil  machine 
the  proportion  is  not  only  greater,  being  usually  about  two-thirds, 
but  consists  of  those  in  the  most  active  positions  ;  and  further, 
the  total  number  of  convolutions  in  the  armature  coils  is  much 
greater  in  order  that  a  high  e.m.f.  may  be  obtained.  Not  only 
therefore  must  special  precautions  be  adopted  to  secure  effective 
insulation,  but  as  the  coils  consisting  of  many  convolutions  are  cut 
out  of  circuit  while  they  are  fairly  '  active,'  there  must  be  some 
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means  of  dealing  with  the  inevitable  sparking ;  it  must  either  be 
minimised  by  some  arrangement  of  the  commutator,  or  its 
destructive  action  prevented. 

The  fundamental  principle  of  all  open-coil  dynamos  is  illus- 
trated in  fig.  234.  Two  pairs  of  coils  are  shown,  wound  round  an 
iron  ring,  and  placed  at  right  angles  to  each  other.  The  com- 
mutator has  four  parts,  or,  strictly  speaking,  there  are  two  two-part 
commutators,  and  each  of  these  two-part  commutators  is  connected 
to  the  ends  of  its  particular  pair  of  coils.  Two  flat  springs,  b, 
and  b2,  act  the  part  of  brushes.  '  In  considering  the  action  of  the 
machine  we  will,  in  order  to  simplify  matters,  assume  that  the  field 
is  undistorted.     Since  we  desire  to  take  the   current  from  the 

Fig.  234 


coils  while  they  are  at  their  maximum  activity,  the  brushes  must 
be  placed  along  a  diameter  parallel  to  the  lines  of  force,  a  position 
exactly  opposite  to  that  of  the  brushes  on  a  closed-coil  machine. 
The  two  horizontal  coils  by  this  arrangement  deliver  their  current 
to  the  external  circuit,  while  the  vertical  ones,  being  comparatively 
idle,  are  entirely  disconnected.  The  activity  of  the  horizontal 
pair  decreases  as  they  move  from  this  position,  and  when  the 
armature  has  revolved  through  another  45  °  they  are  thrown  out 
and  the  other  coils  begin  to  feed  the  circuit.  Each  pair  is 
thus  alternately  joined  up  to  and  disconnected  from  the  brushes 
for  a  period  equal  to  a  quarter  of  a  revolution  ;  and  an  ammeter 
placed  in  the  external   circuit  would  indicate  a  current  always 
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flowing  in  one  direction,  but  fluctuating  considerably  in  strength. 
Greater  steadiness— that  is  to  say,  a  nearer  approach  in  constancy 
—can  be  obtained  by  increasing  the  number  of  coils,  although  it 
is  not  possible  to  get  a  current  so  nearly  constant  as  that  which 
a  good  closed-coil  dynamo  can  generate.  In  fig.  235  the  number 
of  coils  is  increased  to  eight,  that  is,  four  pairs.  In  every  case  the 
two  coils  at  opposite  extremities  of  a  diameter  (a,  a2,  for  instance) 
are  joined  together  to  form  a  pair  as  before ;  but  to  avoid  a  com- 
plicated diagram  this  connection  is  not  shown,  and  the  distortion 
of  the  field  is  again  ignored.  Each  pair  has  its  two-part  commu- 
tator, the  segments  of  which  are  (including  the  insulating  space 


between  the  adjacent  segments)  one-eighth  of  the  circumference 
of  a  circle  in  length,  and  therefore  each  pair  of  coils  is  connected 
to  the  brushes  for  one-eighth  of  a  revolution  only.  If  the  strength 
of  the  field,  the  number  of  convolutions  per  coil,  and  the  speed 
of  rotation  were  the  same  as  in  the  case  just  considered,  the 
maximum  electro- motive  force  developed  would  be  the  same  ;  but 
as  the  minimum  does  not  now  fall  so  low  during  the  time  that 
the  coils  are  connected  to  the  brushes,  the  result  is  a  more  uniform 
current  in  the  external  circuit. 

It  will  probably  occur  to  the  student  that  the  coils  Dj  d2  and 
b,  b2,  although  much  less  active  than  a1  a2,  are  yet  in  a  position 
where  they  can  generate  a  considerable  e.m.f.  and  that  they  might 
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with  advantage  be  allowed  to  assist.  But  they  must  not  be  joined 
up  in  parallel  with  A!  a2,  since  their  e.m.f.  is  so  much  lower. 
Were  they  to  be  so  joined  up  we  should  get  a  result  similar  to 
that  obtained  when  a  Grove  cell  and  a  Daniell  cell  are  connected 
in  parallel,  in  which  case  the  Grove  cell  would  urge  a  backward 
current  through  the  Daniell  because  it  has  a  higher  e.m.f.,  and 
the  external  circuit  would  therefore  get  actually  less  current  than 
if  the  latter  cell  were  removed  altogether.  But  if  the  two  are 
joined  up  in  series \  then  the  external  circuit  gets  the  whole  current 
resulting  from  the  sum  of  their  two  e.m.f.'s.  In  the  same  way,  if 
the  effect  of  the  coils  in  positions  of  less  activity  is  to  be  utilised, 
they  must  be  joined  up  in  series  and  not  in  parallel  with  those 

developing  the  higher  e.m.f. 
We  will  explain  how  such  an 
arrangement  is  effected  in  the 
Brush  dynamo.  Now  in  the 
case  of  a  set  of  four  pairs  of 
coils  rotating  in  a  uniform 
field,  as  in  fig.  235,  it  is  clear 
that  at  one  time  only  one  pair 
of  coils  can  be  in  the  best, 
and  only  one  pair  in  the  worst, 
position  for  generating  a  cur 
rent.  On  the  other  hand,  it  is  possible  for  two  pairs  to  be  equally 
active  in  an  intermediate  position,  and  this  will  happen  when  they 
make  an  angle  of  450  with  the  lines  of  force  :  that  is,  in  the  position 
occupied  by  b,  b2  and  n,  d2.  In  the  Brush  dynamo,  when  the 
armature  consists  of  eight  coils  in  four  pairs,  two  pairs  of  brushes 
are  employed,  one  collecting  the  current  from  the  pair  of  coils 
in  the  best  position  only,  a,  a2,  while  the  other  joins  up  in 
parallel  with  each  other  the  two  pairs  of  coils,  Bj  b2,  d2  d2, 
which  are  at  the  moment  in  the  intermediate  position,  and  collects 
the  current  from  them.  The  two  pairs  of  brushes  are  per- 
manently joined  in  series,  and  thus  the  e.m.f.  of  the  intermediate 
pairs  of  coils  is  added  to  that  of  the  pair  of  coils  in  the  best 
position,  only  one  pair,  as  cx  c2,  being  thrown  idle  at  a  time. 
As  the  intermediate  coils  are  placed  in  parallel  their  resulting 
e.m.f,  is  the  same  as  that  of  one  of  them,  the  resistance  being, 
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however,  halved.     In  order  to  make  this  quite  clear  we  may 
represent  a   pair  of  coils  as  we  do   a  primary  cell,  and   then 
show  the  arrangement,  as  in  fig.  236,   where  a  represents  the 
most  active,  and  c  the  least 
active  pair  of  coils,  b  and  d  '" 

being  those  in  the  inter- 
mediate stage.  When  the 
armature  has  turned  through 
another  45°,  the  b  coils  are 
idle,  the  d  coils  are  in  the 
position  of  maximum  activity, 
and  the  a  and  c  coils  in 
parallel  as  shown  in  fig.  237. 

The  comm  utator,  by  means 
of  which    these   changes  are 

effected,  is  illustrated  in  fig.  238.  It  is  divided  into  two  portions, 
each  complete  in  itself,  and  consisting  of  four  thick  T-shaped 
pieces  of  brass  separated  from  the  shaft  by  rings  of  insulating 
material,  e,  g,  the  T-shaped  sections  being  insulated  from  each 
other  by  air-spaces  as  indicated  by  the  thick  black  lines.  The 
brushes,  p  Q  r  s,  are  formed  of  flat  copper  strips,  and,  as  shown 
by  the  dotted  lines,  are  sufficiently  wide  to  cover  the  whole  width 
of  the  commutator  rings.  The  ends  of  a  pair  of  coils  are  joined 
to  diametrically  op- 
posite segments  or 
sections  as  indicated 
in  the  figure,  the 
lettering  in  this  illus- 
tration corre  s  pond  i  ng 
to  that  in  fig.  235. 
One  of  the  commuta- 
tor rings  is  fixed  on 
the  shaft  450  in  ad- 
vance of  the  other,  the 
con  seq  ue  nee  of  w  hich 
is  that  when,  on  one  ring,  each  of  the  brushes  is  resting  on  one 
section  only,  as  at  a,  then  each  brush  on  the  other  ring  is  in 
contact  with  two  sections,  as  at  b  d.   The  student  will  perceive  that 
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in  the  case  illustrated  the  sections  of  the  left-hand  commutator 
ring  have  joined  to  them  the  two  pairs  of  coils  which  are  for 
the  moment  in  the  intermediate  position,  and  therefore  require 
to  be  placed  in  parallel ;  while  the  right-hand  ring  has  joined  to 
it  the  pair  (a)  which  is  in  the  best  position,  and  also  the  pair  (c) 

Fig   239 


which,  being  inactive,  is  entirely  disconnected  from  the  brushes 
and  the  external  circuit. 

In  fig.  239  the  two  double  commutators  are  developed  or 
spread  out,  side  by  side,  to  make  the  matter  clearer,  the  lettering  of 
the  coils  being  the  same  as  in  fig.  235.  The  path  of  the  current  can 
be  easily  traced.  It  first  passes  round  the  pair  of  coils,  a2  a*  the 
brushes  p  and  Q  (by  which  it  enters  and  leaves)  each  resting  on  one 
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section  only,  be- 
cause those  coils 
are  in  the  best 
position.  The  cur- 
rent then  passes 
direct  to  the  brush 
r  (on  the  left- 
hand  part  of  the 
commutator), 
which,  resting  on 
two  sections, 
affords  a  path 
through  b,  Bg  and 
D,  d„  in  parallel. 
The  brush  s,  by 
which  the  current 
finally  leaves,  is 
connected  to  one 
end  of  the  field- 
magnet  coils,  f  m  ; 
the  coils  c,  ct  are 
disconnected. 
Such  is  the  action 
which  takes  place 
in  a  Brush  dynamo 
having  four  pairs 
of  coils  in  its  arma- 
ture. 

The  actual  ma- 
chine is  depicted 
in  fig.  140.  The 
cores  of  the  field- 
magnets  are 
almost  oblong  in 
section,  and  are 
bolted  to  cast-iron 
uprights  which 
form    the    yokes. 
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The  two  horizontal  horseshoe  field-magnets  thus  formed  axe 
placed  with  their  similar  poles  opposite  each  other,  and  project 
a  powerful  field  round  the  armature,  half  the  lines  of  force  passing 
through  the  core  above  the  shaft  and  the  other  half  below  it, 
somewhat  similarly  to  the  case  of  a  two-pole  closed-coil  machine 
with  a  ring  armature.  There  is  an  unusually  large  quantity  of 
iron  in  the  armature  core,  and  careful  lamination  is  needed  to 
reduce  the  loss  of  energy  due  to  eddy  currents. 

The  armature  coils  are  insulated  from  the  core  by  sheets  of 
canvas  and  paper,  treated  freely  with  shellac  varnish,  the  layers  of 
wire  being  insulated  by  cotton  cloth.  The  ends  of  each  pair  of 
coils  are  carried  along  the  shaft  to  their  proper  sections  of  the 
commutator. 

The  field  magnet  coils  are  insulated  from  their  cores  by 
vulcanised  fibre  and  varnished  paper,  the  different  layers  being 
separated,  as  in  the  case  of  the  armature,  by  cotton  cloth.  These 
coils  are  joined  up  in  series  with  each  other  and  with  the  arma- 
ture, and  as  the  current  generated  by  the  machine  fluctuates 
more  or  less,  there  is  a  tendency  for  eddy  currents  to  be  induced 
in  their  unlaminated  cores.  This  tendency  is  overcome  by  the 
simple  device  of  interposing  between  the  coils  and  the  iron  a  tube 
of  thin  sheet  copper,  in  which  the  currents  are  induced  instead  of 
in  the  iron.  These  induced  currents  by  their  reaction  upon  the 
field -magnet  coils  tend  to  reduce  the  fluctuations  of  the  primary 
current,  and  the  high  self-induction  of  the  field-magnets  and 
armature  also  tends  to  prevent  any  sudden  variation  of  current 
strength,  so  that  the  resulting  current  is  always  more  regular  than 
might  be  expected  from  a  consideration  of  the  manner  in  which 
it  is  collected. 

The  pole-pieces  are  extended  so  as  to  embrace  an  unusually 
large  portion  of  the  armature,  and  the  opposite  or  facing  pole- 
pieces  being  similarly  magnetised,  the  lines  of  force  are  not  pro- 
jected axially  through  the  armature,  but  entering  the  core  on  both 
sides  by  the  projections  provided  for  the  purpose,  they  tend  to 
pass  circumferentially  round  a  portion  of  the  core  and  leave  it  at 
another  set  of  projections,  near  the  other  poles.  The  lines  of 
force  are  in  this  way  urged  through  and  cut  by  the  coils  as  they 
rotate,  somewhat  after  the  manner  described  in  dealing  with  the 
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De  Meritens  alternator.  The  maximum  induction  in  the  armature 
core  is  considerably  greater  and  that  in  the  field-magnet  core 
somewhat  less  than  obtains  in  ordinary  low-pressure  closed-coil 
dynamos. 

As  the  machine  is  regulated  to  give  a  constant  current,  the 
reaction  of  the  armature  on  the  field,  and  therefore  also  the  lead 
of  the  brushes,  varies  only  slightly  under  ordinary  changes  in  the 
load  The  current  taken  from  the  armature  has  practically  the 
same  value  under  all  circumstances ;  but,  as  will  be  seen  presently, 
the  regulation  is  effected  by  shunting  part  of  the  current  from  the 
field-magnet  coils  when  a  lower  electro-motive  force  is  required, 
and  consequently  as  the  field  varies  somewhat  in  strength  as  the 
load  changes,  the  reaction  of  the  armature  on  the  field  is  not 
constant.  The  adjustment  of  the  brushes  thus  necessitated  is 
usually  effected  by  hand,  but  occasionally  it  is  performed  auto- 
matically, the  rocker  carrying  the  brushes  being  shifted  into  the 
correct  position  by  an  electro-magnet. 

When  the  brushes  are  in  the  correct  position  it  is  not  even 
then  possible  to  altogether  avoid  sparking,  and  for  this  reason  the 
commutator  wears  out  much  more  quickly  than  does  that  of  a 
closed-coil  machine.  It  is,  however,  so  constructed  that  any  one 
or  more  of  the  segments  can  be  readily,  and  at  a  comparatively 
small  expense,  replaced,  and  the  sparking  is  thus  rendered  a  not 
very  serious  matter. 

The  machine  illustrated  was  designed  to  supply  55  arc-lamps 
in  series,  with  a  current  of  10  amperes,  the  speed  being  800  revo- 
lutions per  minute  and  the  maximum  e.m.f.  about  2750  volts. 
The  principal  dimensions  are:  length  of  bed-plate  7  ft.  10  in., 
width  2  ft.  5  in.,  height  of  highest  point  3  ft.  i|  in.,  outside 
diameter  of  armature  2  ft.  9  in.  The  diameter  of  the  shaft  is 
2 1  in.,  its  centre  being  1  ft.  9}  in.  above  the  floor  line. 

Although  such  of  these  dynamos  as  remain  in  use  are  mostly 
employed  on  arc-lighting  circuits  where  a  current  of  10  amperes 
is  required,  a  different  current  strength  is  sometimes  desired,  and 
a  machine  such  as  that  under  consideration  can,  without  much 
trouble,  be  altered  to  give  a  current  of  20  amperes  with  half  the 
electro-motive  force  developed  when  10  amperes  are  being  ob- 
tained.    To  effect  this  change  it  is  necessary  in  the  first  place  to 
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connect  every  diametrically  opposite  pair  of  coils  in  parallel 
instead  of  in  series,  and  secondly  to  join  the  four  field-magnet 
coils  in  two  sets  of  two  in  parallel  instead  of  all  four  being  in 
series.  It  will  be  observed  that  after  this  change  has  been  made, 
every  armature  coil  and  every  field-magnet  coil  carries  a  current 
of  10  amperes  as  before;  the  strength  of  the  field  remains 
unaltered,  because  we  have  half  the  e.m.f.  applied  to  half  the 
number  of  coils  in  series,  but  the  number  of  armature  convolu- 
tions joined  in  series  is  halved,  and  therefore  the  resulting  electro- 
motive force  is  also  halved. 

The  brush  holders  are  connected  to  terminals  on  the  bed-plate 
by  means  of  flexible  copper  strips,  and  each  pair  is  carried  by  a 
rocker  which  can  be  turned  for  a  limited  distance  round  the  shaft. 

Although  this  machine  is  capable  of  supplying  as  many  as 
55  arc-lamps  joined  in  series  as  its  maximum  load,  the  number 
of  lamps  actually  switched  in  circuit  may  vary  considerably  from 
time  to  time ;  but  the  act  of  switching  out  a  lamp  by  short- 
circuiting  it,  reduces  the  external  resistance,  and  the  machine 
being  series-wound  the  current  strength  is  then  correspondingly 
increased.  It  is  nevertheless  essential  that  under  all  conditions 
the  same  current  strength — viz.  10  amperes — should  be  main- 
tained ;  hence  some  regulating  device  becomes  necessary.  The 
regulator  devised  for  this  purpose  consisted  of  columns  of  thin 
retort  carbon  plates  placed  in  series  and  connected  as  a  shunt 
to  the  field- magnet  coils.  Two  solenoids  in  series  with  the  main 
current  acted  on  a  horseshoe-shaped  core  which  was  sucked 
in,  or  partially  released  from  the  solenoids  according  to  the 
variations  of  the  main  current,  and  by  this  means  the  pressure  on 
the  carbon  columns  was  varied,  thus  increasing  or  decreasing  the 
resistance  of  the  shunt  and  correspondingly  the  current  in  the 
field-magnet  coils. 

As  might  be  expected,  the  efficiency  of  the  Brush  machine, 
and  indeed  that  of  any  open-coil  dynamo,  does  not  compare 
favourably  with  that  of  a  good  low-pressure  closed-coil  dynamo. 
The  commercial  efficiency  of  Brush  machines — that  is  to  say,  the 
ratio  of  the  electrical  power  available  for  use  in  the  external 
circuit  to  the  power  applied  mechanically — may  be  taken  at 
about  60  per  cent     In  order  to  effect  any  great  improvement  on 
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these  figures  it  would  probably  be  necessary  to  so  alter  the  design 
of  the  machine  that  its  distinct  peculiarities  which  fit  it  for  its 
particular  work  would  be  lost,  and  this  loss  would  not  be  com- 
pensated for  by  the  gain  in  efficiency.  The  machine  will  stand 
far  more  rough  usage,  and  far  greater  stresses  due  to  sudden 
i  the  load,  than  will  an  ordinary  highly  efficient  closed- 


coil  dynamo  (in  fact,  no  machine  of  the  latter  class  could  use  up 
so  much  energy  internally  and  survive);  its  high  self-induction  is 
more  beneficial  than  baneful,  and  with  its  regulator  a  current 
sufficiently  constant  for  the  purpose  can  be  relied  upon, 

The  only  other  form  of  open-coil  dynamo  we  need  refer  to  is  the 
Thomson- Houston,  of  which  a  view  is  shown  in  fig.  241.     It  is  a 
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machine  by  itself,  having  many  peculiar  features,  altogether  dif- 
ferent from  those  of  any  other  with  which  we  have  dealt  There 
are  two  field-magnets  placed  horizontally,  with  their  opposite 
poles  facing  each  other.  There  is  comparatively  little  iron  in  the 
cores,  each  of  which  consists  of  a  cast-iron  tube  flanged  at  both 
ends,  and  provided  at  the  armature  end  with  a  spherical  cavity  to 
form  the  pole-piece.  The  shape  of  the  armature  itself  is  that  of  a 
slightly  flattened  sphere,  somewhat  like  an  orange,  and  it  revolves 
between  and  partly  within  the  cup -shaped  pole-pieces.  The  wire 
on  each  field-magnet  core  is  wound  in  the  space  between  the 
flanges,  the  outer  flanges  of  the  two  cores  being  deeper  than  the 
inner  ones,  and  affording,  thereby,  means  for  a  number  of  wrought- 
iron  bars  to  be  bolted  through  them.  These  bolts  add  materially 
to  the  mechanical  strength  of  the  machine,  protect  the  coils  from 
injury,  and  form  the  yoke  of  the  field-magnets.  The  machine 
which,  on  account  of  the  small  quantity  of  iron  employed  in  its 
construction,  has  but  little  weight,  is  supported  by  comparatively 
light  but  strong  standards,  which  are  bolted  to  lateral  projections 
from  the  flanges  of  the  field-magnet  cores.  The  standards  also 
carry  the  armature  bearings. 

The  manner  in  which  the  armature  core  is  built  up  is  also 
interesting.  Upon  the  shaft  are  keyed  two  stout  cast-iron  discs, 
each  provided  on  its  inner  face  and  near  its  periphery  with  an 
annular  groove.  About  a  dozen  wrought-iron  ribs  are  sprung 
into  the  pair  of  grooves,  so  as  to  bridge  the  space  between  the 
discs  and  form  a  circular  framework,  round  which  a  number  of 
layers  of  varnished  soft-iron  wire  are  wound.  This  forms  the 
complete  core  into  which,  however,  a  number  of  wooden  pegs 
are  fixed,  to  guide  the  winding  of  the  coils  and  to  hold  the  wire 
in  position.  Before  the  coils  are  wound  on,  the  core  is  insulated 
by  layers  of  paper  fastened  by  means  of  gum- lac. 

The  armature  consists  of  only  three  coils,  and  fig.  242  illus- 
trates, in  the  simplest  manner,  the  way  in  which  they  are  wound. 
The  inner  ends  of  the  three  coils  are  soldered  together,  as  at  d, 
and  the  junction  carefully  insulated.  Starting  from  this  junction, 
each  coil  is  wound  over  the  core,  with  an  angle  of  1200  between 
the  middle  portions  of  the  coils,  the  three  free  ends  being  joined, 
one  to  each  segment,  a,  b,  or  c,  of  the  three-part  commutator. 
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A  view  of  the  completed  armature  is  shown  in  fig.  243,  and  it 
will  be  observed  that  the  overlapping  of  the  coils  near  the  shaft 
causes  the  form  to  become  Fiu 

almost  spherical.  The 
junction  of  the  three  coil- 
wires  is  shown  at  u ;  the 
free  ends  r,  2,  3,  being 
brought  out  on  the  other 
side  of  the  armature. 
The  coils  when  finished  & 
are  bound  round  at  four 
places  with  binding  wires, 

It  is  essential  that 
every  armature  should  be 
truly  balanced,  not  only 
mechanically,     but     also  ~*" 

electrically — that  is  to  say,  all  the  coils  should  be  of  the  same 
area  and  equidistant  from  the  core  and  pole-pieces,  so  that  the 
inductiveeffecton 
each  is  precisely 
the  same,  and  they 
should  be  all  of 
the  same  length 
and  of  the  same 
resistance.  It  is 
evident,  therefore, 
that  it  would  be  in- 
expedient to  wind 
the  three  coils 
in  this  spherical 
armature  com- 
pletely  one    over 


the    other 


But 


the    length     and 
the   average    dis- 
tance from  the  core  of  all  the  coils  is  made  equal  by  a  very 
simple  method  of  winding.      Starting  at  the  junction  d,  half  of 
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one  coil  is  wound;  then,  1200  further  round  the  core  half  of  the 
second  coil  is  wound;  yet  another  1200,  and  the  whole  of  the 
third  coil  is  wound.  The  second  half  of  the  second  coil  is  then 
wound  over  its  first  portion,  and  finally,  the  remainder  of  the  first 
coil  is  wound  over  the  corresponding  first  portion. 

When  the  armature  is  rotated,  currents,  alternating  in  direction, 
are  induced  in  each  of  the  coils ;  the  reversal,  as  usual,  taking 
place  in  each  case  when  the  plane  of  the  coil  is  at  right  angles  to 
the  lines  in  the  resultant  field.  The  reaction  of  the  armature,  of 
course,  distorts  the  field  somewhat,  and  shifts  it  round  through  a 
certain  angle  in  the  direction  of  rotation,  as  shown  by  the  dotted 


Fig.  244 


line  x  y  in  the  lower  part  of  fig.  244.  In  this  figure  each  radial 
line,  a,  b,  c,  represents  one  of  the  armature  coils,  the  three  coils 
being  united  at  the  centre  and  each  one  joined  to  its  respective 
commutator  segment.  The  current  is  collected  along  the  diameter 
of  maximum  activity,  x  v,  by  two  pairs  of  brushes,  df  e,  and/,  gy 
each  pair  being  electrically  connected.  The  two  brushes  forming 
a  pair  are  normally  so  placed  that  one  presses  on  the  commutator 
at  a  distance  equal  to  6o°  in  front  of  the  other.  The  consequence 
of  this  arrangement  is  that  the  most  active  coil  is  joined  up  in 
series  with  the  remaining  two  less  active  coils,  which  are  them- 
selves joined  together  in  parallel.     In  the  case  shown  in  fig.  244, 
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the  coil  a  is  approaching  the  best  position ;  while  b  and  c  are  in 
the  intermediate  stage,  and  are  therefore  joined  in  parallel.  The 
resulting  e.m.f.  is,  consequently,  that  due  to  the  mean  e.m.f.  of 
b  and  c,  added  to  the  separate  e.m.f.  of  a.  As  the  armature 
rotates,  b  approaches  the  best  position,  and  its  commutator  segment 
alone  is  then  in  contact  with  the  brushes  dy  ey  while  c  and  a, 
which  are  brought  to  the  intermediate  positions,  are  joined  in 
parallel.  These  changes  are  continually  repeated  as  the  coils  pass 
through  the  different  portions  of  the  field. 

As  in  the  case  of  the  Brush  dynamo,  this  machine  being  series- 
wound  and  used  on  a  circuit  of  high  resistance  for  supplying  a  large 
number  of  arc-lamps  joined  in  series,  the  switching  out  of  any 
of  the  lamps  tends  to  cause  an  increase  in  the  current  strength, 
while,  conversely,  the  switching  in  of  lamps  causes  a  diminution. 
Hence,  in  order  to  keep  the  current  at  a  nearly  constant  strength, 
some  regulating  device  is  necessary.  The  method  adopted  con- 
sists in  simply  altering  the  position  on  the  commutator  of  the  two 
brushes  forming  each  pair.  It  will  be  observed  from  the  com- 
mutator in  fig.  244,  that,  the  brushes  being  6o°  apart,  no  coil  is 
thrown  out  of  circuit  at  any  part  of  the  revolution,  and  this  is  what 
we  may  call  the  normal  state  of  affairs.  When,  however,  the 
current  falls  in  strength,  each  pair  of  brushes  is  closed  up  auto- 
matically, so  that  all  the  coils  are,  in  turn,  disconnected  for  a 
moment  when  they  are  passing  the  neutral  position,  and  when  they 
are,  therefore,  nearly  idle.  The  e.m.f.  of  the  two  coils  in  parallel 
being  the  mean  of  their  individual  e.m.f.'s,  it  is,  obviously,  lowered 
when  one  of  them  is  a  comparatively  idle  coil,  so  that,  at  the 
moment  when  this  idle  coil  is  thrown  out,  the  e.m.f.  resulting  from 
the  other  of  the  two  coils  in  question  is  greater  than  it  would  be 
were  they  both  in  parallel.  If  this  closing  up  of  the  brushes  were 
to  take  place,  then,  when  the  armature  is  in  the  position  shown  in 
the  figure,  the  comparatively  inactive  coil  b  would  be  disconnected, 
and  a  and  c  joined  to  the  external  circuit  in  series.  The  maximum 
e.m.f.  would  be  developed  when  each  pair  of  brushes  is  so  closed 
up  as  to  form  practically  one  brush,  in  which  case  the  least  active 
coil  would  be  always  out  of  circuit  and  the  other  two  joined  up 
in  series.  From  this  point  any  opening  of  the  brushes  puts  two 
of  the  coils  in  parallel  for  a  greater  or  less  interval   of  time, 
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and  reduces  the  resulting  e.m.f.  ;  therefore  when  the  current 
becomes  abnormally  strong,  the  brushes  are  opened  until  the 
E.M.F.,  and,  consequently  also,  the  current,  are  reduced  to  the 
required  value.  The  motion  given  to  the  brush-holders  by  the 
regulator  is  such  that  the  following  brush  of  each  pair  travels  three 
times  as  fast  as  the  leading  brush. 

The  brushes  d,  e,  /,  £  are  mounted  on  a  double  lever, 
having  a  scissors-like  movement  about  a  common  centre.  The 
end  of  the  lever  carrying  the  brushes  d  and  /  is  connected  by 
the  bar  h  to  the  armature  k,  under  the  electro -magnet  m.  This 
armature  is  hinged  at  l,  and  when  the  current  in  the  main  circuit 
becomes  excessive,  k  is  attracted,  d  and  /  are  drawn  back  over 
the  commutator,  while  e  and  g  are  pushed  forward  by  a  simple 
combination  of  levers  not  shown  in  the  figure.  The  electro- 
magnet m  and  the  double  solenoid  p  are  both  in  the  main  circuit 
with  the  field-magnets  f  f  and  the  lamps  in  the  external  circuit  g  ; 
but  normally  m  is  short-circuited  by  wires  whose  circuit  may  be 
broken  at  x  y.  The  contact  x  is  attached  to  the  yoke  of  the  two 
cores  of  the  solenoids,  and  the  first  effect  of  an  increase  in  the 
current  is  to  raise  the  cores,  break  the  contact  at  x  v,  and  so  cause 
the  whole  of  the  current  to  pass  through  m,  which  then  attracts  k 
and  opens  the  brushes.  A  high-resistance  carbon  shunt  is  inserted 
at  s  to  minimise  the  spark  at  x  y.  It  will  be  noticed  that  the 
end  of  the  core  of  m  is  shaped  somewhat  peculiarly  and  fits  into 
a  corresponding  cavity  in  its  armature ;  this  shape  is  calculated 
to  diminish  the  force  of  attraction  uniformly  as  the  armature 
recedes  from  the  core.  The  regulating  apparatus  is  shown  in 
position  in  fig.  241.  The  small  cylinder  to  the  right  of  the 
electro-magnet  is  a  dash-pot  for  steadying  the  movements  of  the 
lever. 

There  is  one  other  device  pertaining  to  the  Thomson- Houston 
machine  to  which  a  reference  is  necessary ;  this  is  employed 
to  suppress  the  excessive  sparking  caused  by  cutting  out  the  coils 
when  fairly  active,  which  would  otherwise  speedily  destroy  the 
commutator.  The  segments  are  separated  by  air-spaces,  t  and 
just  in  front  of  each  leading  brush  is  placed  a  nozzle  which 
delivers  a  strong  blast  of  air  at  the  moment  that  the  brush  breaks 
contact,  and  so  prevents  the  passage  of  the  spark.     The  automatic 
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'  blower '  by  which  these  timely  puffs  are  delivered  is  shown  in 
section  in  fig.  245.  A  circular  steel  hub,  H,  is  keyed  on  to  the 
shaft  x,  and  revolves  left-handedly  in  an  elliptical  chamber  in 
the  fixed  box  t  t.  Air  enters  this  chamber  through  the  apertures 
at ;  i,  which  are  protected  by  wire-gauze  coverings.  The  hub  h 
is  provided  with  three  radial  slots,  in  and  out  of  which  the 
rectangular  ebonite  slips  can  slide  freely.  As  the  shaft  rotates 
these  slips  fly  outwards  by  centrifugal  force,  and,  pressing  con- 


Fie.  a, 
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tinually  against  the  walls  of  the  chamber,  force  the  air  in  front 
of  them,  and  out  at  the  holes  a  a.  To  each  of  these  holes  is  con- 
nected one  of  the  two  nozzles  above  referred  to.  The  chamber  is 
fixed  to  the  framework  of  the  machine  in  the  necessary  position  for 
the  maximum  force  of  the  blast  to  take  place  at  the  right  moment, 
o  is  a  vessel  from  which  oil  passes  into  the  elliptical  chamber 
through  the  aperture  i. 

The  machine  illustrated  is  designed  to  supply  a  current  of 
about  o£  amperes  to  34  arc-lamps  in  series.     The  armature  is 
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2  feet  in  diameter,  over  all,  and  the  resistance  of  the  field-magnets 
and  of  the  armature  is  in  each  case  10^  ohms. 

In  addition  to  the  dynamos  which  have  been  described  in 
this  and  the  preceding  chapters,  there  are  others  to  which 
the  scope  of  this  work  has  not  permitted  us  to  refer,  although 
some  of  them  are  well  worthy  of  study.  We  believe,  however, 
that  quite  enough  has  been  said  to  give  the  student  a  good 
insight  into  the  science  of  dynamo-building  as  it  is  now  practised. 
Where  we  have  given  sectional  views  or  working  drawings,  they 
have  for  the  most  part  been  specially  prepared  for  this  work,  and 
we  have  selected  for  such  illustration  those  machines  which  we 
consider  are  best  suited  to  show  the  manner  in  which  theoretical 
principles  are  practically  applied. 

A  comparison  of  these  chapters  with  the  corresponding  chapters 
in  the  earlier  editions  of  this  work  will  show  that  the  modern  trend 
in  dynamo  design  is  towards  simplification  and  uniformity  of 
detail.  As  an  example  of  the  latter,  we  may  cite  the  construction 
of  commutators,  in  which  the  materials  now  employed  are  nearly 
always  exactly  alike,  while  in  the  manner  of  building  up  the  parts 
so  as  to  prevent  the  sections  flying  out  there  is  very  little  real 
difference  to  be  found.  This  similarity  is  what  might,  perhaps, 
have  been  anticipated ;  for,  if  the  vast  number  of  experiments  which 
have  been  performed  by  the  various  manufacturers  to  determine 
which  is  the  best  appliance  to  perform  a  given  kind  of  work  have 
been  equally  exhaustive  and  accurate,  an  almost  identical  result 
should  have  been  arrived  at.  Thus,  no  metal  has  been  found 
superior  to  hard-drawn  copper  for  the  bars  of  a  commutator, 
while  for  the  extremely  difficult  task  of  satisfactorily  insulating 
these  bars  in  the  case  of  a  closed- coil  machine,  nothing  has 
been  discovered  which  approaches  mica ;  indeed,  were  this  mineral 
not  available,  it  is  probable  that  some  alteration  would  have 
had  to  be  effected  in  the  general  design.  Among  its  many  other 
useful  properties  which  render  it  suitable  for  insulating  com- 
mutator bars,  mica  resists  abrasion  to  about  the  same  extent  as 
hard-drawn  copper,  and  consequently  it  is  worn  down  by  the 
brushes  at  practically  the  same  rate  as  the  bars  themselves. 
Great  things  were  at  one  time  expected  of  asbestos  for  insulating 
purposes,  but  it  proved  to  be  a  good  absorbent  of  oil  and  was 


chap,  xi  Summary  48 1 

charred  by  the  sparking,  while  the  adhesion  of  metallic  particles 
abraded  from  the  bars  and  brushes  soon  developed  a  greater  or 
less  amount  of  short-circuiting  with  its  concomitant  evils.  A 
somewhat  similar  result  attended  the  use  of  simple  air-spaces  for 
insulating  the  bars,  for  the  metallic  dust  or  scrapings  accumulated . 
sooner  or  later  at  the  bottom  of  the  spaces,  which,  being 
numerous,  were  necessarily  narrow.  Occasionally  a  special 
form  is  given  to  a  commutator ;  as,  for  instance,  when  it  is  built 
against  the  end  of  the  armature,  the  individual  bars  being 
disposed  radially.  The  object  here  is  to  reduce  the  length  of  the 
machine. 

Much  might  be  said  upon  the  subject  of  brushes.  In  the 
early  days  hard  brass  or  copper  strips  were  very  much  in  vogue. 
These  were  succeeded  by  copper  gauze  brushes,  which  in  many 
cases  gave  way  to  a  mixture  of  copper  and  carbon,  but  carbon 
pure  and  simple  is  now  very  extensively  used  for  the  purpose.  A 
carbon  brush  if  properly  made  and  mounted  wears  slowly  and 
evenly.  It  glides  over,  rather  than  rubs  against  the  commutator, 
so  that  the  wear  of  the  bars  is  reduced.  There  is  very  little 
carbon  dust  scattered  about  the  machine,  whereas  it  was  at  one 
time  no  uncommon  thing  to  see  a  machine  more  or  less  covered 
with  metallic  dust  from  both  the  copper  brush  and  the  commutator. 
It  is  in  the  power  of  an  unskilful  attendant  to  do  much  damage 
with  a  copper  brush  by  pressing  it  too  tightly  upon  the  commutator 
and  thereby  prematurely  short-circuiting  a  coil  as  well  as  un- 
necessarily scraping  the  bars  away.  With  a  carbon  brush  the 
area  covered  is  determined  by  the  cross-section  of  the  brush,  and 
no  amount  of  pressure  can  affect  it  Lastly,  it  is  found  that  the 
effect  of  a  carbon  brush  is  to  impart  a  smooth,  even,  highly 
polished  surface  to  the  commutator  bars  and  to  render  altogether 
unnecessary  the  practice  of  rubbing  the  commutator  over  with  an 
oily  rag.  The  dark  colour  assumed  by  the  bars  is  no  doubt  due 
to  the  presence  of  a  small  quantity  of  carbon,  and  doubtless  some 
particles  adhere  to  the  mica  insulation.  But  the  consequent 
trouble  is  not  nearly  so  marked  as  when  copper  brushes  are  used, 
the  reason  being  in  all  probability  that  the  quantity  of  carbon 
is  less,  and  that  the  resistance  of  that  substance  is  so  much 
higher  than  the  resistance  of  copper. 

1  1 
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There  is  a  type  of  generator  known  as  the  homopoiar  machine, 
by  means  of  which  a  direct  current  is  produced  without  the  use 
of  a  commutator.     In  such  a  machine  the  armature  conductors 
always  move  in  a  field  of  the  same  sense,  and  the  e.m.f.'s  being 
therefore  always  induced  in  the  same  direction  do  not  require 
to  be  commutated.     Such  a   machine  is,  however,  very  much 
heavier  than  one  of  the  ordinary  heteropolar  type  for  the  same 
output,  voltage  and  speed,  one  reason  of  this  being,  that  it  has 
not  hitherto  been  found  possible  to  wind  the  armature  so  that 
the  e.m.f.'s  induced  in  the  conductors  assist  one  another.     There- 
fore, in  order  to  produce  a  moderately  high  e.m.f.  it  is  necessary 
to  connect  each  armature  conductor  to  a  separate  pair  of  slip-rings, 
and  by  means  of  brushes  bearing  on  these  rings,  the  conductors 
are  joined  up  in  series  by  wires  lying  outside  the  range  of  the 
main  field. 

The  General  Electric  Company  of  America  have  made  such  a 
machine  for  an  output  of  300  kilowatts  at  500  volts  and  direct 
coupled  to  a  steam  turbine  running  at  3000  revolutions  per  minute. 
The  armature  has  twelve  conductors  connected  respectively  to 
twelve  pairs  of  slip-rings.  The  brushes  used  to  collect  the 
current  from  the  slip-rings  are  of  copper,  and  there  is  thus  a  great 
deal  of  wear  at  the  high  speed  at  which  the  machine  runs — the 
peripheral  speed  of  the  rings  being  about  166  feet  per  second. 

The  lamination  of  the  core  of  an  ordinary  ring  or  of  a  drum 
armature  is  a  matter  upon  which  little  doubt  now  exists,  for  it  is 
as  certain  as  it  well  can  be  that  the  magnetic  resistance  should  be 
kept  as  low  as  practicable,  a  result  only  to  be  arrived  at  by 
retaining  metallic  continuity  in  the  direction  of  the  lines  of  force : 
while,  on  the  other  hand,  the  lamination  must  be  carried  far 
enough  to  sufficiently  reduce  the  eddy  currents,  every  effort  being 
made  to  make  the  quantity  of  iron  as  great  as  possible  by  using 
extremely  thin  insulation.  Nothing  better,  therefore,  can  be 
devised  than  a  core  of  thin  iron  plates  of  high  permeability, 
separated  by  the  thinnest  possible  layer  of  insulating  material,  the 
only  doubtful  point  being  the  thickness  of  the  plates.  The  thinner 
the  plates  are  made,  the  more  is  the  loss  of  power  due  to  the 
generation  of  eddy  currents  reduced,  but  the  proportion  of  space 
occupied  by  the  insulating  material  and  the  expense  of  construction 
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are  correspondingly  increased.  It  is,  perhaps,  not  possible  to 
state  definitely  what  the  exact  thickness  of  the  core-plates  should 
be  for  any  given  case,  although  as  a  general  rule  a  thickness  of 
0-5  mm.  is  now  adopted  ;  but  it  can  be  safely  said  that  it  is  always 
economical  to  reduce  the  hysteresis  loss  as  far  as  possible,  by 
adopting  the  only  known  course  of  experimentally  selecting  for 
the  core-plates  iron  of  the  lowest  coercive  force.  Experience  has 
also  shown  that  when  the  air  gap  is  small  it  is  imperative  to 
laminate  the  pole-shoe  in  order  to  keep  within  limits  the  losses 
which  would  otherwise  be  caused  by  the  slotted  armature. 

With  regard  to  closed-coil  armatures  the  drum  form  has  been 
proved  so  superior  from  the  point  of  view  of  the  manufacturer, 
that  it  is  practically  the  only  type  at  present  on  the  market.  This 
is  chiefly  due  to  the  fact  that  a  drum  armature  can  be  wound  so 
much  more  quickly  and  satisfactorily  than  a  ring  machine ;  the 
coils  being  wound  on  a  former,  insulated,  and  slipped  into 
position  in  the  slots  with  great  ease  and  symmetrical  perfection. 
Emphasis  has  been  laid  on  the  fact  that  in  the  case  of  a  ring 
armature  the  '  spider '  which  carries  the  laminations  for  the  core 
must  be  either  partly  or  wholly  of  some  non-magnetic  material, 
such  as  gun- metal,  in  order  to  prevent  leakage  across  the  inside  of 
the  ring.  It  will  be  remembered  that  any  such  leakage  results  in 
inevitable  loss,  owing  to  the  fact  that  an  electro-motive  force  will 
be  set  up  in  the  conductors,  on  the  inside  of  the  ring,  and  that 
this  e.m.f.  will  be  in  opposition  to  the  main  e.m.f.  developed  in 
the  outer  conductors.  The  superiority  of  the  drum  armature 
having  been  established,  the  sphere  of  competition  has  been 
restricted,  and  this  has  caused  manufacturers  to  avail  themselves 
of  every  possible  opportunity  for  reducing  the  cost  of  production 
of  this  particular  type  of  armature.  One  result  is  that,  whenever 
it  is  possible,  materials  are  used  which  can  withstand  high 
temperatures,  and  the  various  parts  are  designed  to  run  when  fully 
loaded  at  higher  temperatures  than  were  deemed  safe  in  bygone 
days.  The  field  coils  are  in  some  cases  allowed  to  rise  to  a 
temperature  of  about  8o°  F.  above  the  surrounding  air,  and  this 
value  is  nearly  twice  that  attained  a  few  years  ago.  It  is, 
however,  necessary  to  make  sure  that  while  one  part  of  the 
machine  is  allowed  to  work  at  its  extreme  heating  limit,  another 
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is  not  running  comparatively  cool.  This  inequality  of  working 
temperature  in  the  various  parts  of  a  machine  was  in  the  early 
days  a  noticeable  defect  in  the  design  of  machines  generally. 

Up  till  quite  recently  the  limit  of  the  output  of  many  machines 
was  fixed  by  the  sparking  at  the  commutator  becoming  excessive 
before  the  heating  limit  of  the  armature  was  approached,  and  the 
most  marked  advance  in  the  design  of  direct-current  machines 
has  been  to  limit  the  output  of  a  machine  by  the  temperature 
rise.      This  has  been   brought  about   by  means  of  improved  . 

commutation  and  a  consequent  diminution   of   sparking,    and  I 

has  led  to  the  reintroduce' on  of  commutation  poles  excited  by 
coils  in  series  with  the  armature  and  which  produce  the  field 
necessary  for  commutation  without  giving   the   brushes  a  lead. 
The  result  has  been  a  very  great  increase  in  the  capacity  of 
machines,  and  the  method  is  now  adopted  very  generally  for 
almost  all  sizes  of  machines.     A  further  device  for  improving  the 
commutation  properties  of  a  machine  is  the  provision  of  special 
windings  on  the  field-poles  which  counteract  the  effect  of  armature 
reaction.     These  windings  are  placed  in  slots  in  the  pole-shoes, 
and  the  main  armature  current  is  led  through  them,  the  direction 
of  the  current  being  such  that  the  distorting  field  produced  by 
the  armature  is  more  or  less  neutralised.     It  is  doubtful  indeed 
whether  the  turbo-generator  would  have  been  feasible  were  it  not 
for  the  forced  commutation  which  is  effected  by  the  commutation 
poles,-  or  for  the  adoption  of  compensating  windings  to  counteract 
the  effect  of  the  armature  reaction.     Considerable  attention  has 
also  been  devoted  to  the  composition  of  the  brushes  with  the 
result  that  a  number  of  types  are  now  available,  into  the  con- 
struction of  which  carbon  enters  very  largely,  and  which  have 
been  designed  more  or  less  in  accordance  with  the  theory  of 
commutation.     Thus  a  type  of  brush  known  as  the  Endruweit 
has  thin  skins  of  copper  running  in  a  direction  perpendicular  to 
the  bearing  surface  of  the  brush,  in  order  to  diminish  the  re- 
sistance of  the  brush  in  this  direction,  without  at  the  same  time 
lowering  th-j  icsistance  in  a  direction  parallel  to  the  direction  in 
which  the  commutator  bars  are  moving.     The  degree  of  hardness 
of  the  carbon  has  naturally  a  considerable  influence  upon  the 
sparking  properties  of  a  machine. 
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We  have  already  pointed  out  that  the  bi-polar  machine  is 
practically  a  thing  of  the  past,  and  as  regards  multipolar 
machines,  the  Schuckert  and  other  '  flat  ring '  armatures  described 
in  earlier  editions  of  this  book  have  been  relegated  to  the  domain 
of  history  and  have  given  place  to  machines  of  the  radial  type, 
similar  to  that  shown  in  fig.  228.  The  old  horseshoe  type  had 
the  disadvantage  of  being  difficult  to  make,  had  a  large  amount 
of  leakage,  and  was  very  heavy  in  proportion  to  its  output.  The 
Manchester  type  is  more  symmetrical,  but  this  is  practically 
obsolete  on  account  of  its  leakage  and  of  its  weight  per  unit  of 
output. 

It  will  be  clear  from  what  has  been  said  that  in  designing 
a  successful  and  economical  machine  which  will  satisfy  modern 
requirements  it  is  necessary  to  carefully  consider  every  detail 
of  the  design  so  that  all  the  material  may  be  worked  to  its  fullest 
capacity  and  the  cost  of  production  be  reduced  to  a  minimum. 

The  purpose  for  which  direct-current  dynamos  are  frequently 
designed  is  to  light  a  number  of  incandescent  lamps  joined  up  in 
parallel  circuit.  It  is  necessary  to  maintain  a  constant  potential 
difference  at  the  terminals  of  these  lamps,  and  consequently  the 
machine  employed  should  be  shunt-wound,  with  a  very  low 
armature  resistance ;  or,  if  the  number  of  lamps  is  likely  to  be 
subject  to  considerable  variation,  the  machine  may  be  compound- 
wound.  The  modified  rules  of  the  Board  of  Trade  which  allow 
a  maximum  pressure  of  practically  480  volts  for  direct-current 
working  has  effected  or  permitted  a  revolution  in  the  equipment 
of  public  supply  stations.  If  it  is  not  already  clear  to  the 
student,  he  will  learn  from  subsequent  chapters  that  in  extensive 
distribution  systems,  even  a  moderate  increase  in  voltage  results 
in  an  appreciable  economy  in  the  cost  of  mains,  owing  to 
the  reduced  quantity  of  copper  required  to  .transmit  a  given 
amount  of  energy.  We  are  not  far  from  the  actual  truth  when 
we  estimate  the  prime  cost  of  the  distribution  network  as 
being  about  equal  to  the  rest  of  the  plant.  Engineers,  there- 
fore, usually  arrange  to  develop  a  pressure  of  somewhere  between 
440  and  480  volts  and  employ  the  three- wire  system  of  dis- 
tribution (explained  in  Chapter  XVII.),  so  that  the  pressure  at 
the  lamp  terminals  varies  normally  from  220  to  240  volts,  while 
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for  electric  motors  the  full  pressure  of  from  440  to  480  volts  is 
applied. 

For  the  important  work  of  'charging*  secondary  batteries, 
a  simple  shunt- wound  machine  is,  for  reasons  explained  in 
Chapter  XIV.,  the  most  suitable,  and  this  method  of  winding  is, 
as  we  have  said,  also  largely  employed  for  lighting  and  power 
purposes. 

Many  dynamos  are  employed  for  the  deposition  of  metals, 
electroplating,  &c,  and  for  this  purpose  they  are  in  some  cases 
required  to  furnish  very  heavy  currents  at  an  exceptionally  low 
potential  difference.  They  are  frequently  series-wound,  and  it  is 
necessary  that  the  internal  resistance  should  be  extremely  low, 
otherwise  considerable  power  would  be  wasted  by  the  passage  of 
the  current,  which  sometimes  exceeds  1000  amperes.  To  obtain 
this  low  resistance  a  drum  armature  may  be  constructed  with  very 
massive  bars  for  the  active  conductors,  the  field-magnet  coils 
consisting  of  a  few  convolutions  of  massive  copper  band.  The 
armature  should,  however,  be  provided  with  a  '  lap '  winding,  by 
means  of  which  the  number  of  armature  paths  is  made  large,  and 
consequently  the  armature  resistance  and  the  section  of  conductor 
can  be  kept  within  reasonable  limits.  An  electro- motive  force  of 
from  six  to  eight  volts  is  usually  ample,  and  this,  notwithstanding 
that  there  are  but  comparatively  few  active  conductors  round  the 
armature,  can  be  obtained  without  the  necessity  for  driving  at  a 
high  speed.  But  it  is  not  an  easy  matter  to  secure  these  massive 
bars,  and  consequently  many  machines  are  made  with  a  number 
of  fairly  thick  wires  joined  in  parallel  to  form  one  conductor. 
In  order  to  reduce  as  far  as  possible  the  loss  of  energy  at  the 
commutator  it  is  essential  that  the  brushes  should  be  large, 
and  the  amount  of  contact  surface  considerable.  Machines  of 
such  exceptionally  low  e.m.f.  are,  however,  falling  into  disuse, 
the  more  recent  practice  being  to  join  the  depositing  tanks  in 
series,  and  to  employ  a  machine  giving  a  correspondingly  higher 

E.M.F. 

A  large  machine,  somewhat  similar  in  appearance  to  that 
depicted  in  fig.  212,  has  been  constructed  for  electro-deposition 
work;  it  develops  the  comparatively  high  e.m.f.  of  50  volts,  and 
can  yield  1000  amperes  at  a  speed  of  350  revolutions. 
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For  supplying  current  to  a  number  of  pieces  of  apparatus 
joined  up  in  series,  whether  arc-lamps,  low-resistance  incandescent 
lamps,  or  motors,  it  is  necessary  to  maintain  a  constant  current 
under  all  conditions.  The  two  open-coil  machines  described  in 
this  chapter  are  suitable  for  this  class  of  work,  but  it  is  a  system 
which  is  fast  becoming  obsolete,  mainly  on  account  of  the  low 
efficiency  of  such  machines. 
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CHAPTER  XII 

MOTORS   AND   THEIR   APPLICATIONS 

We  must  now  give  some  attention  to  the  important  class  of 
dynamo-electric  machines  employed  for  the  purpose  of  converting, 
at  any  desired  point,  energy  supplied  to  the  machine,  in  the  form 
of  electricity,  into  energy  in  the  form  of  mechanical  motion. 

In  its  widest  sense  this  conversion  rests  upon  the  fact  that 
whenever  any  of  the  lines  of  force  forming  part  of  two  separately 
generated  magnetic  fields  traverse  a  common  space,  there  is  a 
decided  action  between  the  two  sets  of  lines,  the  tendency  being 
to  so  alter  their  paths  that  as  many  lines  as  possible  shall  coincide 
in  direction.  By  bearing  in  mind  this  simple  general  rule  little 
difficulty  should  be  experienced  in  predicting  the  results  which 
will  follow,  even  in  complicated  cases.  This  mutual  action  takes 
place  independently  of  the  means  by  which  the  fields  are  generated, 
whether  by  currents  in  two  wires  (straight  or  coiled,  with  or 
without  cores),  or  by  permanent  magnets ;  or,  the  one  field  by 
a  current  in  a  wire  and  the  other  by  a  magnet.  In  the  effort  to 
make  the  coincidence  a  maximum,  both  fields  are  distorted  from 
the  configuration  which  they  would  independently  have  retained, 
and  this  configuration  is  again  assumed  immediately  they  are 
removed  from  each  other's  influence.  Consequently,  when  the 
lines  of  force  pertaining  to  two  fields  approach  each  other  the 
result  of  their  mutual  action  is  an  effort  to  impart  such  a  motion 
to  the  material  substances  (whether  a  steel  bar  or  a  conducting 
wire)  employed  in  generating  the  fields  as  to  make  them  take  up 
positions  in  which  the  lines  of  force  due  to  both  fields  coincide 
to  the  greatest  possible  extent.  The  stronger  the  fields,  the 
greater  is  the  force  thus  acting,  and,  if  sufficiently  strong,  mechani- 
cal motion  is  imparted  to  that  body  which  moves  the  more  freely. 
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For  instance,  suppose  one  field  to  be  a  simple  one  developed 
between  the  two  pole-pieces  of  a  powerful  field-magnet  such  as  has 
been  described ;  and  the  other  field  to  be  generated  by  a  current 
in  a  circular  loop  of  wire.  If  the  loop  is  placed  vertically  with  its 
edges  towards  the  pole-pieces — that  is,  with  its  plane  parallel  to 
the  lines  of  force  of  the  field-magnet — then  the  lines  of  its  own 
field  will  be  projected  at  right  angles  to  those  of  the  other,  and 
the  field-magnet  being  too  massive  to  move,  the  loop  will,  if 
freely  suspended,  immediately  turn  round  through  900,  when  the 
lines  of  force  due  to  the  field-magnet  thread  through  it  in  the 
same  direction  as  its  own  lines.  If  free  to  move  in  any  direction, 
its  ultimate  position  of  rest  will  be  in  the  densest  portion  of  the 
field,  where  the  number  of  lines  passing  through  it,  and  coinciding 
in  •direction  with  its  own  lines,  is  a  maximum.  If  the  current 
through  the  loop  is  then  reversed  in  direction  it  will  be  in  a 
position  of  unstable  equilibrium,  and  the  least  movement  will 
cause  it  to  turn  completely  round  until  the  lines  of  both  fields 
again  coincide. 

We  have  thus  a  means  of  imparting  mechanical  motion  to  a 
material  substance,  in  this  case  a  loop  of  wire ;  and  a  continual 
rotatory  motion  can  be  maintained  by  reversing  the  current  in  the 
loop  at  the  right  moment,  viz.  just  when  its  momentum  has  carried 
it  a  little  beyond  the  point  which,  in  the  absence  of  this  reversal, 
would  be  its  position  of  rest.  It  remains  to  be  seen  how  the 
principle  is  practically  applied,  on  a  scale  such  that  the  force  with 
which  the  movable  body  is  urged  into  a  new  position  may  amount 
to  many  horse-power. 

Referring  to  the  simple  case  of  a  closed-coil  armature  with  a 
two-part  commutator,  as  illustrated  in  fig.  183,  it  will  be  observed 
that  if  a  current  is  sent  through  the  two  coils  in  parallel  while  in 
the  position  shown,  no  movement  of  the  armature  can  result  when 
the  direction  of  the  current  is  such  that  the  lines  of  force  due  to 
it  coincide  in  direction  with  those  of  the  fixed  field.  This  is  the 
position  of  rest  for  the  armature,  and  if  the  current  in  it  is  then 
reversed,  it  will  make  half  a  revolution  until  the  same  coin- 
cidence again  exists.  Now  the  current  can  be  supplied  to  the 
armature  from  some  external  source :  for  example,  a  dynamo 
machine  may  be  connected  to  brushes  pressing  on  the  commutator 
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segments,  and  so  placed  that  each  segment  slides  into  contact 
with  a  fresh  brush  directly  the  position  of  rest  as  defined  above  is 
arrived  at.  By  this  means,  although  the  current  from  the  dynamo 
machine  will  remain  unchanged  in  direction,  the  current  in  the 
armature  coils  will  be  reversed,  and  a  continuous  rotation  kept  up. 
With  only  two  coils,  the  armature  might  come  to  rest  suddenly  at 
a  dead  point,  and  would  not  start  again  from  such  a  position  ;  or 
its  direction  of  rotation  might  be  reversed ;  but  the  number  of 
coils  can  be  increased  with  advantage  until  we  have,  practically, 
an  armature  similar  to  those  used  in  generators.  On  a  current 
being  sent  through  such  an  armature,  each  coil  strives  to  set  itself 
with  its  plane  at  right  angles  to  the  field,  in  which  position  the 
coincidence  of  the  two  sets  of  lines  is  at  a  maximum.  Immediately 
the  coil  arrives  at  this  point,  the  current  in  it  is  reversed,  causing 
it  to  exert  a  similar  force  in  the  same  circular  direction,  during 
another  half-revolution  ;  and  while  any  one  or  more  coils  are  at 
or  near  the  point  of  reversal  where  they  exert  but  little  turning 
effort,  the  other  coils  being  in  more  active  positions  effectively 
keep  the  armature  rotating. 

The  armature  may  be  of  the  ring  or  drum  type,  it  may  be 
bi-polar  or  multipolar,  and  it  fortunately  happens  that  most  of  the 
principles  underlying  the  design  and  construction  of  a  good  gene- 
rating dynamo  hold  equally  well  for  a  motor.  The  fixed  field  is 
usually  supplied  by  powerful  electro-magnets,  as  in  the  case  of 
generators,  these  being  excited  by  a  current  from  the  same  source 
as  that  which  supplies  the  armature.  Many  of  the  troubles  which 
in  dynamos  are  avoided  or  reduced  by  the  employment  of  a  fixed 
field  sufficiently  strong  to  overpower  that  developed  by  the  arma- 
ture, are  also  inherent  in  a  motor,  and  may  be  avoided  by  the 
same  device.  But  in  a  motor  the  question  of  weight  is  frequently 
of  considerable  importance.  For  instance,  the  machine  may  be 
employed  for  the  purpose  of  propelling  a  vehicle,  and  in  such 
cases  the  weight  of  the  motor  is  added  to  that  of  the  vehicle,  and 
involves  a  proportionally  increased  expenditure  of  power  in  moving 
it.  Since  the  field-magnets  are  the  heaviest  part  of  the  machine, 
the  greatest  reduction  in  the  gross  weight  can  be  effected  most 
readily  by  reducing  the  mass  of  iron  in  the  field-magnets,  and  for 
this  reason  some  motors  have  less  massive  magnet-cores  than 
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purely  theoretical  considerations  might  dictate.  Again,  in  con- 
structing a  motor,  even  more  care  must  be  exercised  than  with  a 
dynamo,  in  rendering  the  armature  able  to  resist  sudden  heavy 
stresses  without  risk  of  damage,  the  reason  for  which  will  be  more 
apparent  presently. 

We  have  already  learned  that  when  a  conductor  moves  through 
a  magnetic  field  in  such  a  manner  that  it  cuts  the  lines  of  force 
transversely,  an  e.m.f.   is  induced   in  the  wire,  this  e.m.f.  de- 
pending upon  the  density  of  the  field  and  the  velocity  of  the  wire  ; 
the  cause  which  sets  the  wire  in  motion  being  quite  immaterial. 
And  if  an  independent  current  is  already  flowing  in  the  wire,  the 
electro-motive  force  induced  by  the  motion  will  tend  either  to 
increase  or  decrease  this  current,  according  to  its  direction.     Now 
when  a  wire,  free  to  move,  is  placed  in  a  certain  position   in 
a  magnetic  field,  and  a  current  is  sent  through  it,  it  quickly  moves 
to  a  new  position.     But  in  the  very  act  of  moving  across  the 
field,  the  wire  cuts  the  lines  of  force,  and  an  electro-motive  force 
is  consequently  induced  in  it.     The  fact  that  the  lines  of  force 
so  cut  by  the  wire  form  part  of  the  same  field  which  gave  rise 
to  the  motion,  as  is  the  case  with  the  armature  conductors  in 
a  motor,  makes  no  difference  in  the  result.   The  direction  in  which 
this  electro-motive  force,  due  to  the  movement  of  the  wire,  will  be 
impressed,  may  readily  be  predicted  for  every  conceivable  case, 
because,  as  such  reactions  always  tend  to  stop  the  motion  of  the 
moving  body,  and  as  any  reduction  in  the  current  must  neces- 
sarily reduce  the  force  with  which  the  wire  is  moved  (by  the 
mutual  action  between  the  fields),  the  induced  e.m.f.  must  always 
oppose  and  reduce  the  current  which  is  flowing.     The  electro- 
motive force  so  generated  by  the  movement  of  a  motor  armature 
is  known  as  the   *  back  electro-motive  force '  or  the  *  counter 
electro-motive   force ' ;  it  is  always  opposite   in  direction  and 
necessarily  less  in  value  than  that  applied  to  the  terminals  of  the 
motor,  which  latter  may  be  referred  to  as  the  '  impressed  electro- 
motive force.' 

In  consequence  of  this  counter  electro-motive  force,  the 
current  which  a  given  external  source  of  e.m.f.  can  send  through 
a  motor  is  not  determined  solely  by  the  resistance,  but  varies  with 
the  speed  at  which  the  wire  of  the  movable  part  of  the  machine  is 
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at  the  moment  cutting  the  lines  of  force  of  the  field.  When  the 
revolving  part — that  is  to  say,  the  armature — is  forcibly  restrained 
from  moving,  no  counter  k.m.f.  is  set  up,  and  the  current  is  then 
at  its  maximum,  being  simply  the  quotient  of  the  e.m.f.  divided 
by  the  resistance.  But  when  the  armature  is  allowed  to  move, 
a  gradually  increasing  counter  e.m.f.  is  set  up,  and  the  current 
falls  correspondingly  in  value.  The  higher  the  speed  at  which 
the  armature  rotates,  the  greater  does  the  counter  e.m.f.  become, 
and  consequently  the  feebler  is  the  strength  of  the  current.  This 
may  be  observed  experimentally  by  placing  an  ammeter  in  circuit 
with  a  dynamo  or  battery  and  a  motor,  and  then  varying  the  speed 
of  the  latter. 

Now,  any  one  of  the  dynamos  hitherto  described  can  be  used 
as  a  motor.  For  instance,  we  may  take  a  direct-current  series- 
wound  machine,  and,  by  simply  passing  a  current  through  it  from 
a  battery  of  secondary  cells,  can  cause  the  armature  .to  rotate 
rapidly.  The  force  with  which  the  armature  moves,  or  the  twist- 
ing force,  or  'torque'  which  it  experiences,  depends  upon  the 
strength  of  the  fields  produced  by  it  and  by  the  field-magnet,  and 
these  in  their  turn  depend  upon  the  strength  of  the  current. 

The  internal  resistance  of  a  secondary  battery  is  very  low,  and 
if  that  of  the  machine  is  also  low,  an  enormous  current  will  pass 
while  the  armature  is  at  rest;  sufficiently  strong,  if  maintained 
for  any  length  of  time,  to  damage  it.  But  immediately  the 
armature  begins  to  move,  this  enormous  current  falls,  until  pre- 
sently the  speed  of  rotation  and  the  counter  electro-motive  force 
may  become  so  high  that  only  a  small  current  can  flow,  the 
torque  being,  of  course,  also  considerably  reduced.  This  varia- 
tion is  extremely  convenient  in  some  cases:  for  example,  when 
a  motor  is  employed  to  propel  a  tram-car  it  is  required  to  exert 
very  much  greater  power  to  start  the  car  from  rest,  than  to  keep  it 
in  motion  after  it  has  been  started.  It  is  just  when  the  car  and 
the  armature  of  the  machine  are  at  rest  that  an  enormous  current 
can  be  sent  through  the  machine,  and  a  correspondingly  great 
power  exerted  on  the  shaft ;  while  the  current  falls  to  a  safe  value 
when  a  start  has  been  effected,  and  before  any  damage  can  be 
done  to  the  machine  by  over-heating.  The  necessity  for  its  being 
able  to  assist  such  sudden  heavy  stresses  as  that  caused  by  the 
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effort  to  start  with  a  heavy  load  requires  exceptional  care  to  be 
exercised  in  the  mechanical  construction  of  a  motor  armature, 
especially  with  a  view  to  prevent  the  stripping  of  the  conductors 
from  the  core. 

The  term  i  torque '  is  frequently  employed,  and  merits  some 
further  consideration,  especially  in  its  application  to  the  case  of  a 
motor  armature.  It  is,  as  has  been  indicated,  the  twisting-force 
which  an  armature  or  other  similar  arrangement  experiences,  and 
represents  the  effort  made  to  cause  rotation.  This  effort  is  made 
up  of  two  components,  first  the  pull  which  may  be  measured  in 
pounds,  applied  at  a  point  at  a  given  distance  from  the  centre  of 
the  shaft ;  secondly,  the  length  of  the  arm  at  which  this  pull  acts — 
that  is,  the  distance  measured  in  feet  of  the  point  at  which  the 
pull  is  applied,  from  the  centre  of  the  shaft.  Suppose,  for  example, 
the  radius  of  the  armature  were  6  inches  and  a  pull  of  20  pounds 
were  applied  at  a  point  on  its  circumference  in  a  direction  at  right 
angles  to  the  radius,  then  the  torque,  or  the  effort  thus  made  to 
rotate  the  armature,  would  be  20  x  0*5  =  10  pound-feet.  If  the 
diameter  of  the  armature  were  doubled,  thus  giving  an  arm  or 
radius  of  1  foot,  the  torque  would  also  be  doubled,  being  20  x  1 
=  20  pound-feet,  and  so  on.  In  the  case  of  an  actual  armature 
the  pull  is  exerted  not  at  a  single  point  on  the  circumference,  but 
at  a  number  of  equidistant  points — at  every  armature  conductor, 
in  fact — and  as  the  distance  of  every  conductor  from  the  centre  of 
rotation  is  nearly,  if  not  quite,  the  same,  the  resulting  torque  may 
be  found  by  multiplying  together  the  sum  of  the  pulls  on  all  the  con- 
ductors by  the  radius,  or  their  common  distance  from  the  centre 
of  rotation.  For  example,  if  the  number  of  active  conductors 
round  the  circumference  were  100,  the  pull  on  each  15  pounds  and 
the  diameter  of  the  armature  18  inches  (radius  9  inches  =  075  foot), 
the  torque  would  be  100  x  15  x  075  =  1125  pound-feet. 

The  pull  or  drag  experienced  by  an  armature  conductor 
is  not,  however,  the  same  at  all  points  of  its  circular  path  through 
the  field,  as  was  assumed  in  this  case.  In  the  first  place,  the 
field  varies  in  strength  at  different  parts  of  the  path  through 
which  the  conductor  sweeps  ;  and  secondly,  the  current  in  every 
section  of  the  armature  falls  to  zero  for  a  moment  while  its 
particular  commutator  bars  are  passing  under  a  brush,  so   that 
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during  that  moment  the  pull  on  the  conductors  of  that  particular 
section  is  nil.  The  value  of  the  pull  on  the  conductors  round 
a  motor  armature  varies,  in  fact,  in  much  the  same  way  that 
the  activity  of  the  conductors  round  the  surface  of  a  dynamo 
armature  changes,  being  at  a  minimum  along  the  diameter  of 
commutation,  and  rising  to  a  maximum  at  right  angles  thereto. 
It  will  also  be  evident  that  the  counter  electro-motive  force 
developed  by  every  individual  conductor  rises  and  falls  in  value 
with  the  drag  upon  it,  being  equal  at  any  moment  to  that  electro- 
motive force  which  it  would  develop  if  the  armature  were  driven 

mechanically  as  a  genera- 
Fic'  a46  tor  and  lines  of  force  were 

y  cut  effectively  at  the  same 

rate. 

If,  however,  the 
strength  of  the  field  and 
the  strength  of  the  current 
in  the  armature  remain 
constant,  the  sum  of  the 
separate  forces  acting  on 
all  the  armature  con- 
ductors remains  constant 
in  value,  because  as  each 
conductor  passes  from 
the  position  of  greatest 
activity  its  place  is  taken 
by  another,  and  so  on. 
We  can  therefore  make  such  a  calculation  as  that  just  given  by 
first  calculating  the  total  force  or  pull  acting  upon  all  the  con- 
ductors at  any  moment,  and  then  dividing  by  the  number  of 
conductors  in  order  to  obtain  the  average  force  or  pull  on  one 
conductor. 

In  fig.  246  we  have  represented  a  state  of  affairs  more  nearly 
approaching  to  that  which  obtains  in  an  actual  armature,  where 
the  diameter  of  commutation  may  be  taken  as  being  a  few  degrees 
from  the  vertical,  and  for  simplicity  only  eight  active  conductors 
are  indicated.  The  pull  on  each  conductor  acts  at  right  angles  to 
the  diameter  of  the  armature  passing  through  that  point,  because 
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the  lines  of  force  nearly  all  enter  at  right  angles  to  the  surface  of 
the  armature  core,  and  every  conductor  is  urged  across  the  field 
at  right  angles  to  the  lines  of  force.  Even  were  this  not  so,  the 
reduced  resultant  force  acting  at  right  angles  to  the  diameter 
would  be  the  force  which  we  should  have  to  consider,  since  it 
would  be  the  only  part  of  the  total  force  acting  effectively  to 
rotate  the  armature.  The  figures  placed  against  each  arrow-head 
represent  the  pull  in  pounds  experienced  by  each  armature  con- 
ductor, and  each  conductor  is  at  the  moment  impressing  upon  the 
shaft  a  torque  or  twisting  force  equal  to  its  particular  pull  multi- 
plied by  the  length  of  the  arm  at  which  it  acts — that  is  to  say,  its 
distance  from  the  centre  of  rotation.  Let  this  distance  or  radius 
r  equal  6  inches ;  then,  since  each  pull  acts  in  the  same  direction 
round  the  coils,  the  total  torque  is  the  sum  of  these  separate 
values,  or 

2r+9r+  T5r+9r  +  2r+9>*+i5r  +  9r 

=  (2  +  9-I-  15  +9  +  2  +  9+  J5  +  9) r 
=  70  r  =  70  x  o"5  =  35  pound-feet. 

This  proves  the  statement  previously  made,  that  the  torque  may 
in  any  case  be  estimated  by  multiplying  the  sum  of  the  pulls  on 
each  conductor  in  pounds  by  the  radius  of  the  armature  measured 
in  feet  or  a  fraction  of  a  foot. 

As  a  simple  practical  example  we  may  assume  the  case  of  a 
motor  armature  12  inches  in  diameter  (6  inches  radius)  with  100 
active  conductors,  and  giving  on  the  shaft  1 2  horse-power  when 
the  speed  is  500  revolutions  per  minute.  The  whole  of  this  power 
appearing  on  the  armature  shaft  is  first  transmitted  by  the  con* 
ductors  through  the  core  to  the  shaft,  and  from  the  figures  given 
we  will  discover  first  the  torque,  and  secondly  the  average  pull  in 
pounds  on  the  conductors.  One  horse-power  is  equivalent  to  a 
rate  of  working  equal  to  33,000  foot-pounds  per  minute,  and 
consequently  we  have  in  this  case  a  rate  of  working  equal  to 
12  x  33,000,  or  396,000  foot-pounds  per  minute. 

The  whole  of  this  power  being  impressed  upon  the  armature 
conductors,  we  can,  if  we  know  the  distance  in  feet  through  which 
they  travel  in  one  minute,  divide  by  this  distance,  and  obtain  the 
force  in  pounds  exerted  at  any  moment  on  the  whole  of  the 
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conductors.  Any  one  conductor  in  every  revolution  travels  round  a 
path  equal  to  the  circumference  of  the  armature  (2  *•  r  =  2  »•  x  0*5 
=  3*14  feet)  and  passes  therefore  through  500  x  3*14  =  1570  feet 
in  one  minute  when  the  armature  makes  500  revolutions  per 
minute.     Consequently  the  actual  pull  exerted  upon  the  armature 

conductors  is  ^9 .»  _    =252  pounds.     From  this  we   see  that 

i57o 

the  torque  must  be  252  x  0*5  =  126  pound-feet,  and  the  average 
pull  per  conductor  2*52  pounds. 

The  pull  on  any  one  conductor  when  at  the  most  active  part 
of  its  journey  amounts  to  a  much  higher  value  than  this  average 
pull ;  and  in  a  powerful  machine  the  value  becomes  exceedingly 
high,  especially  when,  as  at  starting,  the  back  electro-motive  force 
is  nil  and  the  current  through  the  armature  becomes  abnormally 
high.  These  considerations  emphasise  the  necessity  for  an  effective 
mechanical  connection  between  the  conductors  and  the  armature 
core,  which  can  be  best  secured  by  embedding  the  conductors  in 
slots  in  the  core. 

Supposing  the  field  to  be  the  same  in  both  cases,  the 
direction  of  the  current  in  the  armature  of  a  machine  when  used 
as  a  motor  must  be  the  reverse  to  its  direction  when  used  as 
a  generator,  if  the  direction  of  rotation  is  desired  to  be  the  same 
in  each  case ;  indeed,  we  have  just  seen  that  the  counter  e.m.f. 
generated  is  opposite  to  that  which  produces  the  driving  current 

If,  therefore,  the  direction  of  the  driving  current  applied  to 
the  terminals  of  a  series  machine  is  the  same  as  that  which  would 
be  developed  by  the  machine  itself  when  driven  as  a  dynamo, 
and  if  the  direction  of  rotation  is  to  be  the  same  for  a  motor  as 
for  a  dynamo,  the  connections  either  of  the  armature  or  of  the 
field -magnets  must  be  reversed.  If,  however,  a  rotation  in  the 
opposite  direction  is  desired  when  running  as  a  motor,  the 
connections  should  remain  unaltered,  and  the  brushes  turned 
round  to  suit  the  reversed  rotation.  A  shunt  dynamo,  on  the 
other  hand,  will,  without  any  alteration,  turn  in  the  same 
direction  if  an  e.m.f.  opposite  to  that  developed  by  it  as  a 
generator  is  applied  to  its  terminals,  for  the  current  through  the 
armature  is  then  in  the  reverse  direction,  while  that  through  the 
field-magnet  coils  is  the  same  a$  before.     This  will  be  apparent 
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on  inspection  of  the  diagrams  of  the  shunt  dynamo  connections 
given  in  figs.  197  and  198;  when  employed  as  a  generator  the 
field-magnet  coils  form  a  shunt  to  the  external  circuit,  but  when 
used  as  a  motor  these  coils  act  as  a  shunt  to  the  armature. 

The  distortion  of  the  field  observed  when  a  machine  is  used 
as  a  generator  also  occurs  when  it  is  employed  as  a  motor,  because, 
when  the  brushes  are  at  zero,  the  lines  of  force  of  the  armature 
field  are  at  right  angles  to  those  of  the  field-magnets.  But  the 
direction  of  the  current,  and  therefore  of  the  lines  of  force,  being 
reversed  in  the  case  of  a  motor  armature,  the  direction  of  the 
resultant  field  is  also  different.     The  amount  of  the  distortion 

Fig.  247 


<-— 


depends,  obviously,  upon  the  relative  strengths  of  the  two  fields. 
It  is  very  slight  when  the  field-magnets  sufficiently  overpower  the 
armature,  but  in  all  cases  the  direction  of  the  resultant  field  is 
such  that  the  brushes  must  be  shifted  backward  to  place  them  on 
a  diameter  at  right  angles  to  the  lines  of  force,  and  so  to  avoid 
sparking. 

The  distortion  of  the  field  of  a  motor  is  illustrated  in  fig.  247, 
which  should  be  compared  with  the  corresponding  figure  (193)  for 
a  generator.  The  density  of  the  lines  of  force  is  greater  at  the 
horns  a  a  which  the  armature  is  approaching,  and,  as  a  conse- 
quence, any  irregular  distribution  of  iron  in  the  armature  core 
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causes  stronger  eddy  currents,  and  develops  more  heat  at  these 
places  than,  as  in  the  case  of  a  dynamo,  at  the  horns  b  b  from 
which  the  armature  is  receding.  With  an  ordinary  armature  having 
a  smooth  core  this  heating  is  hardly  appreciable,  and  in  all  cases 
it  is  influenced  to  a  certain  extent  by  the  fact  that  a  current  of 
cold  air  is  drawn  in  at  a  a  and  ejected  somewhat  warmer  at  b  b. 
In  the  case  of  a  motor,  therefore,  this  air  current  tends  to  reduce, 
and  in  the  case  of  a  generator  to  increase,  the  difference  of 
temperature  between  the  two  horns  of  each  pole-piece. 

The  current  through  the  armature  of  a  motor  frequently  varies 
considerably,  and  this  may  cause  a  shifting  of  the  resultant  field, 
and  therefore  also  necessitate  an  alteration  in  the  position  of  the 
brushes ;  but  in  all  cases  a  reduction  in  the  angle  of  lead,  and 
immunity  from  sparking  due  to  a  variation  of  the  armature  current, 
may  be  obtained  by  employing  a  very  powerful  field  relatively  to 
that  produced  by  the  armature.  In  many  motors  now  in  use  the 
load  can  be  varied  considerably  without  any  readjustment  of  the 
brushes ;  and  an  effort  is  always  made  to  reduce  the  number  of 
convolutions  per  coil  in  the  armature,  thus  minimising  one  of  the 
causes  of  sparking. 

The  electrical  power  may  be  supplied  to  a  motor  either  at 
a  constant  pressure,  or  with  a  constant  current ;  in  the  former  case 
regulation  is  comparatively  easy,  while  in  the  latter  greater  economy 
in  the  distribution  of  power  can  sometimes  be  effected.  Supposing 
a  constant  potential  to  be  maintained  at  the  terminals  of  a  shunt- 
wound  motor;  the  current  through  the  field-magnet  coils  will 
always  be  the  same,  and  therefore  the  strength  of  the  field 
remains  constant,  but  the  current  through  the  armature  depends 
upon  the  speed  of  rotation,  being,  in  fact,  determined  by  the  ex- 
cess of  the  applied  electro-motive  force  over  the  counter  electro- 
motive force.  Supposing  the  machine  to  be  employed  in  driving 
a  tram-car ;  then,  for  example,  when  the  car  commences  to  mount 
an  incline,  the  armature  shaft  is  called  upon  to  perform  additional 
work,  which  tends  to  reduce  the  speed  of  rotation.  This  reduc- 
tion of  speed,  by  reducing  the  counter  electro-motive  force, 
immediately  allows  a  stronger  current  to  pass  through  the  arma- 
ture, and  affords  the  necessary  additional  torque  to  perform  the 
extra  work.     On  the  other  hand,  should  the  car  be  allowed  to 


ghap.  m  Regulation  499 

attain  a  high  speed  in  descending  an  incline,  the  counter  e.m.f. 
would  reach  a  high  value,  so  high  in  fact  that  very  little  current 
would  pass  through  the  armature,  whence  very  little  electrical 
power  would  be  expended.  The  demand  upon  the  source  of  the 
electrical  power  is  thus  to  a  certain  extent  automatically  regulated 
in  a  very  simple  manner  according  to  the  requirements,  and  this 
effect  of  the  counter  electro-motive  force  obtains  whatever  the 
purpose  may  be  for  which  the  machine  is  employed. 

If  the  armature  resistance  is  extremely  low  and  that  of  the 
shunt-coils  high,  and  if  the  field-magnet  develops  a  much  greater 
field  than  the  armature,  the  variation  of  lead  will  be  but  slight, 
and,  further,  the  machine  will  to  a  great  extent  be  self-regulating 
as  regards  speed. 

Many  motors  now  constructed  satisfy  these  conditions  suffi- 
ciently to  render  any  other  aids  to  regulation  superfluous.  But 
some  precautions  are  needed  in  joining  such  machines  in  circuit, 
especially  if,  as  is  usually  the  case,  any  load  is  applied  to  the  shaft 
before  the  armature  has  approached  its  normal  speed.  Even 
though  the  potential  difference  between  the  mains  to  which  the 
machine  is  to  be  connected  were  no  more  than  100  volts,  this 
would  give  rise  to  an  enormous  current  through  the  armature, 
before  it  had  time  to  get  up  speed  and  develop  the  counter  e.m.f. 
which  would  be  competent  to  reduce  the  current  to  a  safe  value. 
The  armature  while  at  rest  would  in  fact  simply  short-circuit  the 
mains  and  the  field-magnet  coils,  and  the  latter  fact  would,  by  pre- 
venting the  rapid  establishment  of  a  powerful  field,  tend  to  retard 
the  armature  getting  up  speed.  In  any  case  the  field- magnets,  if 
massive,  take  an  appreciable  time  in  becoming  fully  magnetised, 
and  it  is  advisable  to  start  such  a  shunt-wound  machine  by  first 
joining  the  field-magnet  coils  directly  across  the  mains,  then  join- 
ing the  armature  in  series  with  a  considerable  resistance  across  the 
mains,  gradually  cutting  out  this  resistance  as  the  armature  rises 
in  speed.  Such  an  arrangement  is  indicated  in  fig.  248,  where  a 
represents  the  armature,  s  the  field- magnet  coils,  and  b  a  switch 
with  four  resistance  coils,  the  positive  main  being  shown  on  the 
right  an4  the  negative  on  the  left  One  end  of  the  metallic  switch 
bar  or  lever,  which  is  connected  to  the  positive  main,  passes  over 

and  makes  good  contact  with  a  curved  brass  strip  which  is  joined 
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to  one  end  of  the  field-magnet  coils ;  the  other  end  of  the  switch 
bar  passes  over  five  metal  studs,  to  which  the  resistance  coils 
are  connected  as  shown.  In  order  to  disconnect  the  motor  and 
stop  it,  the  switch  bar  should  be  turned  left-handedly  through 
about  6o°  from  the  position  shown,  when  it  would  lie  clear  of  the 
studs  and  also  of  the  curved  bar.  To  start  the  motor  the  bar 
must  be  turned  right-handedly  from  this  position  of  disconnection, 
when  its  upper  end  will  first  make  contact  with  the  curved  strip, 
thus  allowing  the  current  to  pass  through  the  coils  s  and  excite 
the  field-magnet.  It  will  be  observed  that  this  end  of  the  bar 
will  make  contact  with  the  curved  strip  and  complete  the  field- 
magnet  circuit  before  its  other  end  makes  contact  with    the 

Fig.  248 


extreme  right-hand  stud  ;  but  by  further  turning  the  switch  bar  in 
the  same  direction,  the  lower  end  makes  contact  with  this  stud 
and  completes  the  armature  circuit,  all  the  resistance  coils  being 
then  in  series  with  the  armature.  The  resistance  coils  have  such 
a  value  that  even  were  the  armature  not  to  start,  the  current  would 
be  insufficient  to  damage  it,  and  the  coils  themselves  should  be 
made  of  bare  wire  sufficiently  thick  to  carry  the  maximum  current. 
When  a  current  is  thus  started  through  the  armature,  it  should  at 
once  commence  to  rotate  and  develop  a  counter  e.m.f.,  and  the 
switch  bar  can  then  be  moved  on  to  the  next  stud  (the  position 
indicated  in  the  diagram),  when  only  three  coils  are  in  series  with 
the  armature,  which  under  the  influence  of  the  more  powerful 
current  rotates  yet  faster,  and  the  switch   bar  can    be  finally 
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moved  up  to  the  extreme  left-hand  stop,  when  all  the  resistance 
will  be  cut  out  of  circuit  and  the  armature  joined  direct  across  the 
mains. 

In  some  cases  where  exceptionally  good  regulation  is  desired, 
and  where  the  armature  resistance  cannot  well  be  made  sufficiently 
low  and  the  field  sufficiently  powerful  to  secure  it,  other  devices 
may  be  employed.  We  have  seen  that  when  an  additional  load  is 
thrown  on  the  motor,  the  resulting  reduction  in  speed  immediately 
allows  the  passage  of  a  stronger  current  through  the  armature  ;  but 
if  the  speed  is  to  be  kept  constant,  the  counter  electro  motive  force 
will  also  be  constant  and  then  the  current  through  the  armature  can 
hardly  vary  at  all,  so  that  the  two  conditions  are  opposed  to  each 
other.  But  by  reducing  the  strength  of  the  field  developed  by  the 
field-magnets,  the  counter  e.m.f.  can  also  be  reduced,  and  there- 
fore a  stronger  current  can  be  passed  through  the  armature  when 
rotating  at  a  given  speed.  It  is  necessary,  then,  in  order  to  keep 
the  speed  constant,  to  devise  some  means  of  reducing  the  strength 
of  the  field  when  the  load  is  increased  and  the  current  in  the 
armature  rises.  One  way  of  accomplishing  this  automatically  is 
to  place  a  few  turns  of  thick  wire  round  the  limbs  of  the  field- 
magnet,  in  series  with  the  armature,  but  wound  in  such  a  manner 
as  to  magnetically  oppose  the  shunt-coils  instead  of  assisting 
them  as  in  the  case  of  a  compound-wound  generator.  The  effect 
of  these  series-turns  in  weakening  the  field  becomes  greatest 
when  the  armature  current  is  strongest  and  vice  versa ;  but  it 
should  be  observed  that  since  the  strongest  current  which  can 
pass  through  the  armature  (and  therefore  also  through  the  series- 
winding)  does  so  when  it  is  at  rest,  the  armature  may  start  in 
either  direction,  as  determined  by  the  shunt-coil  field  or  the  field 
produced  by  the  heavy  current  in  the  series-windings.  To  avoid 
any  uncertainty,  it  is  usual  to  lead  the  ends  of  the  two  windings 
and  of  the  armature  separately  to  the  starting  switch  and  to 
reverse  the  current  through  the  series-windings,  so  that  both 
shunt-  and  series-coils  act  together  in  developing  a  strong  field  in 
the  right  direction  at  the  moment  of  starting,  the  series-turns  being 
joined  up  in  the  normal  manner  when  the  speed  rises  above  a 
certain  value.  The  series-turns,  being  few  in  number,  aid  the 
shunt-coil  but  little  when  in  series  with  it,  because  they  are  then 
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carrying  a  small  current ;  and  practically  the  same  result  may  be 
obtained  by  simply  short-circuiting  the  series-coils  until  the  machine 
has  been  properly  started. 

The  field  of  a  shunt  motor  may  also  be  weakened  by  inserting 
resistance  coils  as  required,  either  by  hand  or  automatically,  or  by 
altering  the  ampere-turns  of  the  field-magnet  coil  in  any  other 
manner.  It  appears  at  first  sight  somewhat  paradoxical  that  the 
speed  of  a  motor  can  be  increased  by  reducing  the  strength  of  the 
field,  but  the  reduction  of  the  counter  electro-motive  force  allowing 
a  more  powerful  current  to  be  urged  through  the  armature,  as 
mentioned  above,  satisfactorily  explains  the  matter. 

In  order  to  obtain  the  best  results  with  a  shunt-wound  motor, 
the  machine  must  necessarily  be  heavy  and  expensive  in  construc- 
tion, and  hence  we  find  that  such  motors  are  generally  used  where 
they  can  be  permanently  fixed  in  position,  and  where  approximate 
regularity  of  speed  with  varying  loads  must  be  secured  at  any  cost, 
as,  for  example,  in  the  driving  of  some  classes  of  machinery.  They 
have  been  tried  and  abandoned  for  traction  work,  as  it  was  found 
that,  in  addition  to  the  two  disadvantages  mentioned,  it  was  im- 
possible to  avoid  the  armatures  being  burned  up  occasionally. 
This  is  due  to  the  circumstance  that  electrical  contact  between 
the  car  and  the  feeding  wire  or  wires  (and  sometimes  the  earth) 
must  necessarily  be  made  by  sliding  connections,  and  it  is  then 
impossible  to  avoid  an  occasional  momentary  disconnection  of  the 
circuit ;  when  this  happens  the  armature  is  liable  to  slow  down 
or  stop,  and  the  field-magnets  to  become  demagnetised ;  and  the 
heavy  current  which  can  then  be  urged  through  the  armature  before 
the  field- magnets  can  again  be  fully  magnetised  and  the  armature 
get  up  speed  will  probably  be  strong  enough  to  burn  up  the 
armature.  As  will  be  seen  presently,  series  motors  fed  at  a 
constant  potential  are  now  usually  employed  for  traction  work. 

The  case  for  a  series  motor  fed  with  a  constant  current  may 
now  be  considered.  Since  the  field-magnet  and  armature  are  in 
series  with  each  other,  the  current  in  the  one  is  always  (unless 
specially  arranged  for  otherwise)  the  same  as  that  in  the  other ; 
and  this  current  is  kept  constant  in  value,  being  usually  about 
10  amperes.  Consequently  the  torque,  or  the  effort  made  by  the 
armature  to  rotate,  is  always  the  same,  no  matter  what  the  load 
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may  be,  because,  as  we  have  seen,  this  torque  depends  upon  the 
strength  of  the  field  and  the  armature  current,  which  in  this  case 
do  not  vary.  The  turning  effort  being  constant,  the  speed  there- 
fore depends  solely  upon  the  load. 

If  the  load  is  decreased,  the  speed  increases,  and  so  gives  rise 
to  a  higher  counter  b.m.f.,  but  the  generator  responds  to  this,  and 
by  developing  a  correspondingly  higher  e.m.f.  maintains  the  cur- 
rent constant.  Consequently  the  speed  of  the  machine  increases 
enormously  when  the  load  is  lightened  to  a  great  extent,  and 
it  is  then  that  unless  care  is  taken  considerable  damage  may  be 
done. 

On  the  other  hand,  when  the  load  is  increased  the  speed  falls, 
and  if  the  load  is  increased  beyond  a  certain  value,  the  armature 
will  be  pulled  up.  It  will  be  seen  that  in  the  case  of  a  constant 
current  series-wound  motor  the  power  given  out  varies  directly 
with  the  speed,  and  if  it  be  desired  to  reduce  the  speed,  this 
may  best  be  effected  by  diminishing  the  strength  of  the  field,  the 
armature  current  being  kept  constant.  The  resulting  reduction 
in  the  counter  E.M.F.  simply  causes  the  generator  supplying  the 
current  to  develop  a  lower  e.m.f.,  because  a  lower  pressure  at  the 
terminals  of  the  motor  becomes  sufficient  to  urge  the  proper 
current  through  it.  The  alteration  in  the  strength  of  the  field  is 
conveniently  effected  by  shunting  the  field-magnet  coils  with  a 
variable  resistance,  or  by  cutting  out  some  of  the  convolutions  of 
those  coils,  and  in  some  instances  this  has  been  successfully  per- 
formed automatically  by  means  of  a  centrifugal  governor  driven 
from  the  armature  shaft. 

Constant  current  motors  are  as  a  rule  only  used  on  arc- 
light  circuits  supplied  with  current  by  open-coil  machines — that  is 
to  say,  they  are  only  used  when  the  circumstances  are  such  that 
no  other  type  can  be  employed.  In  addition  to  the  difficulty  of 
securing  satisfactory  regulation  the  impressed  e.m.f.  or  the  poten- 
tial difference  at  the  terminals  of  the  machine  is  always  consider- 
able, and  it  becomes  dangerously  high  in  the  case  of  a  large 
motor,  because  the  current  being  constant  an  increase  of  power 
can  only  be  obtained  by  increasing  the  impressed  e.m.f. 

Series-wound  motors  can  be  employed  with  much  more  satis- 
factory results  on  a  constant  potential  circuit,  and  this  arrangement 
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is  adopted  on  nearly  all  of  the  more  successful  electric  railway  and 
tramway  lines,  and  indeed  in  almost  every  case  where  the  motors 
have  widely  varying  loads  and  where  they  have  to  be  frequently 
started  and  stopped  or  even  reversed  in  direction.  Generally 
speaking,  for  such  work  we  do  not  require  the  motor  either  to  run 
at  a  constant  speed,  to  exert  a  constant  torque,  or  to  develop 
constant  power,  and  it  fortunately  happens  that  when  the  maximum 
torque  is  demanded,  the  speed  can  then  conveniently  be  lowest. 

If  a  series  motor  be  connected  between  two  mains  kept  at 
a  constant  potential  difference,  the  current  passing  through  the 
motor,  and  therefore  the  torque,  will  depend  very  largely  upon  the 
back  e.m.f.,  which  in  turn  depends  upon  the  speed  at  which  the 
armature  is  rotating.  Now  the  speed  is  governed  chiefly  by  the 
load,  so  that  when  the  load  is  light,  the  armature  having  but  little 
resistance  opposed  to  it,  will  rotate  rapidly  and  generate  a  high 
back  e.m.f.,  thus  reducing  the  current  until  the  torque  is  that 
required  by  the  particular  load.  It  should  be  noted  that  the 
torque  is  reduced  in  two  ways,  first  by  a  fall  in  the  armature  cur- 
rent, and  secondly  by  an  equal  fall  in  the  field-magnet  current, 
giving  a  corresponding  reduction  in  the  strength  of  the  field. 
Conversely,  when  the  load  is  increased  the  speed  of  rotation  falls 
and  with  it  also  the  back  e.m.f.,  thus  allowing  a  stronger  current 
to  flow  through  the  armature  and  field-magnet  coils,  giving  the 
necessary  increase  in  torque  to  deal  with  the  heavier  load,  and  also 
tending  to  again  increase  the  speed,  although  perhaps  the  latter 
may  not  attain  such  a  high  value  as  it  does  when  the  load  is 
light. 

As  a  series  motor  offers  but  little  resistance,  and  as  the  pressure 
adopted  for  traction  work  is  usually  about  500  volts,  the  current 
passing  through  the  machine  when  at  rest  would  be  sufficiently 
strong  to  burn  it  up,  and  consequently  a  set  of  resistance  coils  is 
generally  thrown  in  series  with  the  motor  until  it  has  had  time 
to  start  and  develop  a  sufficient  back  e.m.f.  to  bring  the  cur- 
rent down  to  a  safe  value.  This  resistance  may  be  gradually 
reduced  by  a  suitable  switching  arrangement,  and  cut  out 
entirely  when  the  motor  has  got  up  speed  and  the  full  power  is 
required.  This  arrangement  also  admits  of  speed  regulation  to  a 
considerable  extent.     It  is  evident,  however,  that  a  considerable 
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amount  of  power  must  be  wasted  by  the  frequent  employment  of 
such  resistance  coils :  such  waste  can  be  reduced  by  coupling 
two  motors  to  each  car,  and  when  the  maximum  power  is  required, 
as  at  starting,  joining  the  motors  in  series  with  each  other.  The 
current  necessary  at  starting  is  thus  reduced  to  about  one  half 
the  value  it  would  have  if  only  one  motor  were  used,  and  the 
power  wasted  in  the  resistances  is  correspondingly  reduced. 
When  the  speed  has  risen  sufficiently  the  motors  are  joined  in 
parallel  with  each  other,  but  in  series  with  resistance  coils,  which 
latter  are  then  cut  out  as  the  maximum  speed  is  attained.  A 
description  of  the  apparatus  for  effecting  these  and  other  similar 
changes  is  given  in  a  later  page. 

Only  a  portion  of  the  power  given  electrically  to  a  motor  is 
converted  usefully  into  mechanical  power,  a  part  being  spent  in 
heating  the  armature,  field-magnet  coils,  &c.  When  the  armature 
is  held  at  rest  the  whole  of  the  electrical  power  absorbed  by  the 
motor  is  thus  converted  into  heat,  and  the  efficiency  of  the  machine 
— that  is,  the  ratio  of  the  useful  power  obtained  on  the  shaft  to  the 
total  power  supplied— is  then  at  its  lowest  value,  viz.  nought. 
When  the  armature  is  allowed  to  move,  the  useful  performance  of 
work  begins,  and  as  the  current  also  then  falls  in  strength,  the 
power  wasted  in  heating  decreases.  The  higher  the  speed  of  rota- 
tion, the  higher  becomes  the  counter  e.m.f.  and  the  less  becomes 
the  power  wasted  as  heat  in  the  conductors.  The  ratio  of  the 
mechanical  power  developed  by  the  motor  to  the  whole  power 
supplied,  is  proportional  to  the  ratio  of  the  counter  e.m.f. 
to  the  e.m.f.  applied  at  the  terminals  of  the  machine.  The 
torque,  or  the  effort  made  by  the  armature  of  the  motor  to  rotate, 
is  greatest  when  the  load  is  sufficiently  great  to  prevent  the 
armature  turning,  and  when,  therefore,  the  motor  is  doing  no 
useful  work  at  all.  Now  when  a  motor  is  running  at  a  high  speed 
and  with  a  comparatively  feeble  current  through  the  armature,  it 
performs  very  little  work  indeed  during  one  revolution,  although, 
the  number  of  revolutions  being  great,  a  considerable  amount  of 
work  may  be  performed  during  a  given  interval  of  time,  say  one 
minute.  On  the  other  hand,  when  the  speed  is  very  low  the 
amount  of  work  per  revolution  is  comparatively  great,  but  the 
small  number  of  revolutions  per  minute  prevents  the  quantity  of 
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work  reaching  during  that  interval  a  very  high  value.     By  con- 
sidering these  two  extreme  cases,  it  might  be  supposed  that  there 
is  a  certain  intermediate  speed  of  rotation  at  which  the  work  per- 
formed by  any  given  motor  is  a  maximum.    This  is  the  case,  and 
the  speed  of  a  motor  at  which  it  can  perform  the  maximum 
amount  of  work  per  minute  is  that  speed  at  which  the  counter 
electro-motive  force  becomes  equal  to  half  the  electro-motive  force 
applied  at  the  terminals.     This  result  is  quite  independent  of  the 
efficiency  of  the  conversion,  which,  as  we  have  seen,  increases  with 
the  speed  of  rotation,  and  the  efficiency  of  any  motor  when  it  is 
doing  the  maximum  amount  of  work  which  it  can  do,  is  so  low 
(about  50  per  cent.),  that  in  practice  motors  are  not  worked  under 
such  conditions  for  any  length  of  time. 

In  most  cases  the  difficulty  of  obtaining  a  machine  of  reason- 
able efficiency  at  a  low  speed,  without  abnormal  proportions  and 
correspondingly  heavy  weight,  renders  it  necessary  to  run  at  a 
high  speed,  and  to  effect  the  reduction  required  by  suitable  gear- 
ing.    Thus,    for   example,  the  wheel   of  an    ordinary  tram-car 
travelling  at  seven  miles  per  hour  does  not  revolve  at  so  high  a 
speed  as  80  revolutions  per  minute,  but  it  would  be  impossible 
to  construct  a  practical  motor  to  run  at  this  low  rate.    A  machine 
running  at  say  720  revolutions  might  be  employed,  by  intro- 
ducing gearing  which  would  reduce  this  speed  to  about  one-tenth. 
The  selection  of  suitable  gearing  is  not,  however,  an  easy  matter, 
for  it  must  be  light,  strong,  and  durable,  and  should  produce 
neither  noise  nor  vibration  in  working ;  and,  while  absorbing  little 
power  in  friction,  it  must  be  capable  of  withstanding  dust  and 
dirt,  or  of  being  easily  protected  therefrom.     Some  very  good 
devices,  depending  upon  friction  to  transmit  the  power  from  a 
small  wheel  on  the  rapidly  rotating  armature  shaft  to  a  larger  pulley 
on  the  axle,  have  been  employed  with  fair  success  on  lines  where 
the  gradients  are  slight ;   but  where   the  power  required  to  be 
transmitted  is  at  times  very  heavy,  this  method  is  not  to  be  relied 
on.     By  means  of  a  pinion  and  spur-wheel,  with  or  without  an 
intermediate  counter-shaft,  very  great  power  can  be  transmitted. 
The  objections  to  this  gearing  are  that  it  is  unusually  noisy,  and  that 
the  teeth  of  the  pinion  on  the  armature  shaft  rapidly  show  signs  of 
wear ;  but  it  is,  nevertheless,  the  gearing  most  frequently  adopted, 


chap,  in  Gearing  507 

the  objections  to  a  great  extent  being  overcome  by  making  the 
pinion  and  spur-wheel  of  steel  with  accurately  cut  teeth  of  the 
most  approved  shape. 

The  necessary  reduction  in  speed  can  also  be  obtained,  and  in 
a  very  satisfactory  manner,  by  means  of  a  screw  and  worm-wheel ; 
a  screw,  driven  by  the  motor  shaft,  gearing  into  the  teeth  of  a 
worm-wheel  on  the  axle  of  the  car  or  on  a  counter-shaft.  The 
only  objection  to  this  method  is  that  in  order  to  obtain  perfectly 
satisfactory  results  the  gearing  must  be  extremely  well  made,  and 
it  is  then  expensive.  Chain-gearing  has  also  been  employed  ;  in 
this  case  an  endless  chain  passes  over  a  small  toothed  wheel  on 


the  motor  shaft  and  a  larger  one  on  the  axle,  the  teeth  of  the 
wheels  fitting  into  the  links  of  the  chain.  The  chain  is,  however, 
liable  to  stretch,  and  then  the  teeth  no  longer  fit  accurately,  and 
slipping  is  likely  to  take  place. 

In  figs.  249  and  250  a  good  example  of  spur-gearing  is  illus- 
trated. The  motor  is  of  an  old  type,  intended  for  use  on  a  tram- 
car,  the  field-magnet  being  of  the  single  horseshoe  type,  and  of 
wrought  iron  throughout.  At  the  yoke  end,  the  motor  is  swung 
from  the  axle  of  the  car,  this  bearing  being  shown  to  the  left  of 
fig.  249,  while  at  the  other  or  armature  end  it  is  flexibly  supported, 
being  attached  to  the  body  of  the  car  by  means  of  the  spring 
shown  in  fig.  250.     Bronze  brackets,  fixed  to  the  pole-cheeks, 


5o8 


Electrical  Engineering 


support  the  armature  bearings,  and  a  pinion  on  the  armature 
shaft,  as  indicated  in  fig.  250,  gears  with  a  spur-wheel  carried  on 
a  counter-shaft,  which  passes  between  the  limbs  of  the  field- 
magnet.  At  the  other  end  of  the  counter-shaft  is  the  pinion 
visible  in  fig.  249,  which  gears  into  a  spur-wheel  keyed  on  to  the 
axle  of  the  car,  the  number  of  teeth  being  so  proportioned  that 
the  speed  of  rotation  of  the  axle  is  about  one-twelfth  of  that  of 
the  armature. 

The  pinion  on  the  armature  shaft  is  sometimes  made  of  hard 
vulcanised  fibre  or  compressed  leather.  The  wear  is,  of  course, 
greatest  at  the  teeth  of  this  pinion,  while  the  greatest  power  is 


transmitted  individually  by  the  teeth  at  the  other  end  of  the  train 
of  wheels.  The  teeth  are,  however,  strong  enough  to  resist  a  steady 
pressure  far  greater  than  can  be  given  by  the  machine ;  were  the  full 
power  suddenly  applied  with  a  jerk,  the  strain  would  be  enormously 
increased,  but  a  most  important  function  of  the  supporting  spring 
is  to  prevent  this  jerk  taking  place,  by  yielding  slightly  when  the 
pressure  is  suddenly  applied.  But  the  advantage  gained  in  this 
way  entails  the  disadvantage  that  the  distance  between  the  centres 
of  the  engaging  wheels  is  liable  to  variation.  Consequently, 
involute  teeth  are  employed — that  is  to  say,  the  form  of  the  rubbing 
surfaces  of  the  teeth  is  the  involute  of  a  circle,  such  teeth  being 
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the  only  ones  which   are   independent  or  an  alteration  in  the 
distance  between  the  centres  of  the  wheels. 

The  motor  referred  to  has  done  good  service  for  street 
tramway  work  in  America,  but  it  has  been  considerably  improved 
upon,  and  we  may,  perhaps,  select  for  description  as  a  typical 


tramway  motor  that  made  by  the  Westinghouse  Company,  and  it 
will  be  interesting  to  note  the  advance  which  has  been  made. 
Some  of  the  principal  features  in  the  design  of  the  Westinghouse 
motor  may  be  gathered  from  fig.  251.  The  machine  is  suspended 
by  means  of  a  rectangular  cross-bar  bolted  to  facings  on  the  frame, 
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and  each  end  of  this  bar  is  attached  to  the  wagon  by  springs. 
The  car-wheel  axle  passes  through  two  bearings  in  the  machine 
frame  which  are  visible  at  the  top  of  the  figure.  The  motor  has 
one  reduction  in  speed,  which  is  effected  by  means  of  a  pinion 
on  the  armature  shaft  which  gears  into  a  spur-wheel  on  the  car 
axle.  The  pinion  and  gear-wheel  are  5  inches  in  width,  the  former 
being  of  forged  steel,  whilst  the  latter  is  of  cast  steel,  and  is  made 
in  two  parts  which  are  bolted  together  and  keyed  on  to  the  car 
axle. 

This  gearing  is  entirely  enclosed  in  a  case  of  malleable  iron 
made  in  two  parts,  so  that  the  lower  half  may  be  removed  with- 
out disturbing  the  upper  half.     A  hand-hole  with  a  spring  cover 
affords  facilities  for  the  inspection  and  lubrication  of  the  gear- 
wheels.   The  field  system  has  four  poles  which  project  radially 
inwards,  and  when  in  position  the  yoke  is  almost  octagonal  in 
shape,  with  well-rounded  corners;  but  the  yoke  is  divided  into 
two  halves  which  are  hinged  together  and  can  be  opened  out  as 
shown  in  the  figure,  thus  exposing  the  armature  and  the  two  lower 
field-magnet  coils.     The  pole-cores  are  built  up  of  annealed 
soft-steel  stampings,  which   are  firmly  riveted  together  between 
wrought-iron  end-plates.     Each  pole-core  is  fastened  to  the  yoke 
by  two  studs,  which  are  screwed  into  double  nuts  embedded  in 
the  pole-cores.     The  field  coils  are  wound  complete  on  formers, 
insulated,   taped,  and  again   thoroughly  insulated,   it  being  of 
special  importance  that  these  coils  should  be  made  capable  of 
withstanding  atmospheric  changes.      Each  coil  is  supported  by 
a  brass  plate   resting  on   the  pole-shoe,  and  is  slipped  on  the 
pole-piece  before  the  latter  is  fastened  to  the  yoke.    The  vibra- 
tion to  which  traction  motors  are  subjected  is  very  great,  and  to 
protect  the  field  coils  from  the  effect  of  this,  flat  steel  springs  are 
fixed  between  them  and  the  frame.     The  armature  is  of  the  drum 
type,  and  the  core-plates,  which  are  slotted  to  receive  the  con- 
ductors, are  built  up  on  a  spider  keyed  firmly  to  the  shaft.    In 
order  to  protect  the  teeth  of  the  core-plates  there  is  at  each  end 
of  the  core  a  pressed  steel  plate  slotted  to  correspond  with  the 
core-slots,  and  the  whole  are  clamped  together  between  cast-iron 
end-plates.      The  armature  coils  are  wound  on  a  former,  and 
effectively  insulated  before  being  placed  in  position.     After  the 
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armature  conductors  have  been  wound,  a  number  of  turns  of  steel 
wire  are  wrapped  tightly  in  grooves  cut  on  the  periphery  of  the 
core,  in  order  to  keep  the  conductors  in  position  ;  the  grooves  are 
of  such  a  depth  that  the  wire  bands  are  protected  and  prevented 
from  being  torn  off  in  the  event  of  the  core  coming  into  contact 
with  the  pole-pieces,  a  contingency  which  might  arise  from  the 
wearing  away  of  the  bearings.  The  armature  winding  is  of  the 
series  type,  two  sets  of  brushes  only  being  employed,  and  these 
brushes  are  placed  on  the  upper  part  of  the  commutator  so  as  to 
be  readily  accessible  from  above.  It  will  be  observed  that  not 
only  is  the  motor  extremely  compact,  but  it  is  admirably  suited 
to  very  rough  work  under  a  tram-car  even  with  a  bad  road.  With 
a  motor  so  completely  encased  to  protect  it  from  mechanical 
injury  or  from  the  entrance  of  water,  it  is  evident  that  consider- 
able sacrifices  must  be  made  as  regards  ventilation,  but  the  risk 
of  breakdown  on  account  of  overheating  is  reduced  to  a  minimum 
by  employing  for  the  insulation  only  materials,  such  as  mica, 
which  are  able  to  withstand  a  very  high  temperature ;  and,  further, 
the  quantity  and  disposition  of  the  metal  constituting  the  frame 
and  field-magnets  are  such  as  to  assist  freely  in  the  dissipation 
of  heat  by  conduction  and  radiation.  The  weight  of  the  motor 
complete  with  gear-wheel  and  gear-case  is  about  2760  lb. 

These  machines  are  in  every  case  provided  with  series-wound 
field  coils,  and  in  the  most  approved  practice  two  machines  are 
employed  on  each  tram-car,  the  regulation  being  effected  by 
means  of  resistance  coils,  and  by  joining  the  two  motors  in 
parallel  or  in  series  as  circumstances  may  require.  The  resistance 
coils  must  be  so  designed  that,  although  they  occupy  little  space, 
they  are  capable  of  dissipating  a  considerable  amount  of  electrical 
energy  without  a  dangerous  rise  in  temperature.  The  most 
satisfactory  method  is  found  to  be  to  make  the  conductor  of 
strips  of  thin  sheet-iron,  closely  wound  and  heavily  insulated  with 
mica,  and  placed  in  a  cast-iron  case  fixed  underneath  the  car. 

A  motor  similar  in  many  respects  to  the  Westinghouse 
machine  is  constructed  by  the  English  Electric  Manufacturing 
Company  of  Preston,  in  conjunction  with  Messrs.  Dick,  Kerr 
&  Co.  One  of  these  motors  is  illustrated  with  the  upper  half 
of  the  frame   raised,  in  fig.  252,  and  with  the  lower   half  let 
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down,  in  fig.  253.  Its  total  weight  is  about  one  ton,  and  it 
is  capable  of  developing  from  25  to  50  horse-power.  It  is 
designed  to  maintain  an  output  of  25  horse-power  with  1 
rise  of  temperature  of  not  more  than  750  C.  in  any  of  its  parts 
after  a  continuous  run  of  one  hour,  the  temperature  of  the  sur- 
rounding air  not  exceeding  25°  C.     The  upper  and  lower  halves 


of  the  field-magnets  with  their  yokes  and  the  covers  for 
protecting  the  machine  from  dust  and  moisture  are,  it  will  be 
seen,  freely  hinged  together  and  completely  envelop  the  armature 
and  its  commutator,  and  by  loosening  the  four  bolts  which  secure 
the  bearing  caps,  the  armature  can  be  withdrawn  altogether. 
The  yokes  as  well  as  the  cores  are  constructed  of  iron  of  high 
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permeability,  and  are  carefully  fitted  together  in  order  that 
they  may  offer  the  minimum  resistance  to  the  lines  of  force. 
The  bearing  supports  for  the  car-axle  and  for  the  armature  shaft 
are  cast  on  to  the  upper  part  of  the  frame,  an  opening  (provided 
with  a  soft-iron  lid)  being  made  just  over  the  commutator  to 


facilitate  access  to  the  brushes  for  purposes  of  renewal,  &c. 
It  will  be  seen  that  the  machine  is  of  the  four-pole  type,  the 
cores  and  pole-pieces  being  laminated  and  securely  bolted  to  the 
cast-iron  frame.  The  lamina;  consist  of  mild-steel  stampings 
riveted  together,  and  each  core  is  composed  of  three  sets  of 
stampings  with  air  spaces  between  them  for  ventilating  or  cooling 
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purposes.  The  disposition  of  the  field  coils  and  the  method 
of  connecting  them  to  the  external  circuit  are  clearly  shown 
in  the  illustrations.  These  coils  are  machine- wound  upon  a 
frame  or  former  of  the  same  shape  as  the  cores,  and  are  in- 
sulated with  asbestos  and  cotton.  Each  coil,  after  it  has  been 
wound  and  finished  off  to  shape,  is 
K' _1S*  immersed    in    a    bath    of   insulating 

compound  which,  entering  the  inter- 
stices between  the  convolutions,  fills 
it  up  solid.  After  having  been 
thoroughly  dried  it  is  served  with 
a  thick  protecting  cover  composed  of 
mica,  paper  and  sheeting,  and  is  then 
coated  with  strong  braided  tape  im- 
pregnated with  a  waterproof  material. 
A  stiff  bronze  or  copper  frame  is  then 
forced  into  the  coil  to  protect  it  from  the  core  over  which  it  is 
slipped,  and  to  afford  a  means  for  securing  it  to  the  yoke-frame. 
This  method  of  construction  is  of  course  an  excellent  mechanical 
arrangement,  but  the  heat  generated  in  the  conductor  cannot 
easily  be  dissipated. 

The    armature    core    consists    of    a  number    of    mild-steel 
stampings  with  a  key  way,  ventilating  channels,  and  41   teeth, 


as  shown  in  fig.  254.  These  stampings  are  (see  fig.  155) 
threaded  on  to  a  3-inch  hammered -steel  shaft  in  which  a  key- 
way  is  cut  throughout  its  length  between  the  bearing  surfaces,  so 
that  the  key  on  being  driven  in  shall  keep  the  core  and  com- 
mutator securely  in   position  and  effectively  prevent  them  from 
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slipping  round.  Spacing  pieces  are  fixed  at  intervals  between  the 
core  discs  so  as  to  afford  facilities  for  ventilation,  and  a  cast-iron 
head  provided  with  a  curved  flange  on  its  outer  edge  (shown  to 
the  right  of  the  core)  is  driven  on  to  the  shaft  to  receive  and  pro- 
tect the  ends  of  the  armature  coils.  A  substantial  iron  washer  is 
secured  against  the  other  end  of  the  core  by  means  of  a  steel  hub 
and  lock  washer,  clamping  the  whole  securely  together. 

The  commutator,  shown  to  the  left  of  the  armature  in  figs.  252 
'and  253,  is  exceptionally  large  in  diameter  as  compared  with  the 
armature  itself.  It  consists  of  123  bars  of  hard-drawn  copper, 
4  inches  long  and  1  inch  deep.  The  commutator  is  mounted  on 
a  cast-iron  hub  which  fits  the  armature  shaft  and  is  provided  with 
two  inwardly  projecting  V-shaped  flanges.  Moulded  micanite  in- 
sulating rings  are  fitted  on  to  these  flanges  for  securing  the  com- 
mutator bars  and  insulating  them  from  the  shaft.  Mica  insulation 
is,  of  course,  used  between  the  bars  themselves,  which  have  a 
narrow  slot  sawn  into  the  armature  end  to  receive  the  ends  of  the 
coil  wires.  The  bars,  with  the  mica  strips,  are  fitted  together  and 
the  ends  turned  up  true  and  provided  with  the  necessary  V-shaped 
grooves  before  being  fitted  to  the  hub  above  mentioned,  which 
is  provided  with  suitable  openings  for  ventilating  purposes.  It 
is  interesting  to  notice  that  the  insulation  of  the  commutator  is 
tested  with  an  alternating  current  of  2000  volts  between  the  bars 
and  the  hub,  and  of  500  volts  between  adjacent  bars,  before  being 
finally  secured  in  position  on 
the  shaft,  which  is  effected  by  FlG-  *56 

means  of  a  screw  and  lock 
nuts. 

The  armature  coils  are 
not  placed  in  position  until 
the  commutator  as  well  as 
the  core  has  been  fixed  in 
position.  The  wire  is  covered 

with  three  layers  of  cotton  thread,  and  the  coils  are  machine- 
wound  and  accurately  shaped,  as  in  fig.  256,  so  as  to  be  inter- 
changeable. They  are  dried  in  an  oven  at  a  temperature  of 
2500  F.  in  order  to  expel  every  trace  of  moisture,  a  process  which 
is  always  necessary  with  cotton  on  account  of  the  freedom  with 
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which  it  absorbs  water  out  of  the  air,  &c.     Immediately  after  the 
drying  process  the  coils  are  immersed  in  an  insulating  compound 
to  prevent  the  re-absorption  of  moisture  and  are  then  re-dried, 
the  operation  being  repeated  a  number  of  times  until  an  effectual 
coating  has  been  applied  sufficient  to  withstand  any  test  which 
may  legitimately  be  applied.     Three  coils  are  placed  together  and 
covered  with  mica,  compressed  cardboard  and  linen,  and  are  then 
lapped  over  with  two  layers  of  thin  wadding.     The  whole  is  then 
varnished   and   finally  baked.     The  ends  of  the  three   coils  are 
distinguished  by  coloured  braidings,  red,  white,  and  blue  respec- 
tively, in  order  to  avoid  any  risk  of  mistake  in  connecting  them  to 
the  various  commutator  bars.     There  are  in  all  41  of  these  triple 
coils,  and  as  each  has  six  ends,  there  are  two  wires  to  be  connected 
to  each  of  the  123  commutator  bars.     The  object,  of  course,  is  to 
provide  an  armature  which  shall  be  equally  balanced  both  elec- 
trically and  mechanically.     On  referring  to  fig.  256  it  will  be  seen 
that  each  coil  has  two  straight  sides,  and  one  of  these  sides  is 
placed  at  the  bottom  of  each  of  the  41  core-slots,  the  other  sides 
being  placed  in  the  upper  portion  of  the  slots.     There  are  thus 
sections  of  two  compound  or  six  individual  coils  in  each  slot, 
and  the  machine  being  of  the  four-pole  type  the  coils  are  just 
wide  enough  to  embrace  a  quarter  of  the  armature — that  is  to  say, 
the  coils  are  able  to  span  just  10  teeth.     When  the  coils  are  all 
in  position  they  are  securely  bound  with  tinned  steel  wire  (with 
a  breaking  strain  of  over  4  cwt),  as  shown  in  fig.  252.     These 
bindings  are  wound  in  grooves  in  the  core,  the  teeth  of  which 
project  slightly  beyond  the  outer  surface  of  the  coils. 

The  power  developed  by  the  machine  is  communicated  to 
the  car  by  means  of  a  hammered-steel  pinion  which  has  14  teeth 
with  a  face  of  4§  inches,  and  gears  into  a  toothed  wheel  on  the 
driving  axle. 

The  brushes,  as  in  the  case  of  nearly  if  not  quite  all  modern 
motors,  are  of  carbon.  Each  holder  carries  two  mechanically 
independent  brushes,  which  are  placed  at  an  angle  of  45°  on 
either  side  of  the  vertical  plane  on  the  upper  half  of  the  com- 
mutator, so  as  to  be  readily  accessible  from  without  The 
brushes  are  adjustable  lengthwise  along  the  commutator,  and 
are,  of  course,  so  constructed  that  they  may  be  advanced  to  take 
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up  the  wear  either  of  the  commutator  bars  or  of  the  brushes 
themselves. 

The  armature  bearings  are  of  bronze  and  the  axle  bearings  of 
white  metal,  each  bearing  having  a  cap  or  cover  which  is  provided 


with  a  well  capable  of  holding  about  a  pint  of  oil.  The  oil  is  fed 
through  wool  wicks,  provision  being  made  for  the  excess  oil  to 
return  to  the  wells.  In  the  event  of  the  oil  failing,  emergency 
lubricators  are  provided  in  the  form  of  grease-boxes  placed  above 


them,  the  heat  developed  as  a  consequence  of  the  absence  of 
lubricating  oil  being  relied  upon  to  liquefy  the  grease  and  cause 
it  to  flow  down  upon  the  bearings- 
Two  motors  are  provided  for  each  car,  the  front  view  of  the 
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motor  mounted  on  the  wheel  axle 
being  given  in  fig.  257,  and  the  back 
view  in  fig.  258. 

Fig.  259  shows  the  complete  truck 
with  the  two  motors  fixed  in  position 
on  their  respective  axles  and  supported 
from  the  truck  frame.  It  will  thus  be 
seen  that  the  motors  are  entirely  in- 
dependent of  the  car,  which  is  carried 
by  the  springs  shown  at  both  ends  of 
the  truck.  All  the  wheels  are  directly 
driven,  an  advantage  which  is  of  con- 
siderable importance. 

Similar  but  larger  motors  are  used 
on  the  Liverpool  Overhead  Railway, 
and  fig.  260  is  very  instructive.  It 
shows  in  a  graphic  and  simple  manner 
the  efficiency  curves  obtained  during 
an  exhaustive  trial  of  one  of  the 
motors.  The  horse-power  curve  is 
almost  a  straight  line,  and  the  hori- 
zontal effort  or  the  pull  upon  the  cars 
also  rises  in  almost  a  straight  line,  but 
more  rapidly  than  the  horse-power. 
The  curve  showing  the  fall  in  speed 
as  the  current  rises  is  interesting,  but 
the  efficiency  curve  is  remarkable  both 
for  its  high  value  and  for  its  uniformity 
over  a  wide  range.  It  will  be  seen 
that  from  about  54  to  160  horse-power 
the  efficiency  is  never  less  than  90  per 
cent. 

The  method  of  opening  the  motor 
differs  from  that  adopted  for  tram-car 
motors,  in  that  the  motor  frame  is 
divided  on  the  horizontal  plane,  and 
the  upper  half  made  removable.  The 
field    coils    are    wound    with    copper 
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ribbon  about  2  inches  wide  wound  with  asbestos  and  mica  strip 
between  the  convolutions,  and  insulated  over  all  with  mica  and 
asbestos  frames,  held  in  position  by  means  of  heavy  braided 
tape.  Each  completed  coil  is  further  treated  with  a  waterproof 
insulating  compound  and  thoroughly  baked.  The  armature  core 
is  provided  with  extra  deep  slots,  and  each  coil  consists  of  but 
one  convolution,  mica  and  asbestos  entering  largely  into  the 
insulation.  The  commutator  is  exceptionally  large,  so  as  to 
avoid  sparking  and  to  allow  a  long  run  without  renewal  of  the 
bars.  A  number  of  interesting  temperature  and  electrical  details 
are  included  in  fig.  260,  and  it  need  only  be  added  that  the 
toothed  wheels  are  of  thin  cast  steel,  the  teeth  being  cut  out 
of  the  solid  casting.  The  pinion  in  the  armature  shaft  is  of 
hammered  machine  steel,  and  the  gear-box  is  of  malleable  iron 
made  oil- tight  The  complete  motor  with  the  gearing  weighs 
4387  lb.,  or  at  the  rate  of  43*8  lb.  per  horse-power  at  normal 
load. 

One  of  the  most  important  items  of  a  car  equipment  is  the 
controlling  switch  or  '  controller,'  by  means  of  which  the  driver 
is  enabled  to  start  or  stop  the  car,  and  to  obtain  the  necessary 
variations  in  speed.  There  are  a  great  many  varieties  of  this 
piece  of  apparatus,  all  designed,  however,  with  the  same  objects  in 
view,  viz.  to  afford  a  simple  and  reliable  means  to  enable  a  non- 
technical and  possibly  excited  driver  to  perform  alterations  in  the 
complicated  connections  with  ease  and  certainty,  and  without 
risk  of  damaging  the  motors ;  and  also  to  avoid,  if  possible,  or 
at  any  rate  to  minimise,  the  effect  of  the  heavy  sparking  which 
is  likely  to  take  place  at  the  contact  points. 

In  fig.  261  is  shown  a  '  controller '  as  made  by  Messrs.  Dick, 
Kerr  &  Co.  It  consists  of  a  vertical  barrel  p  c,  with  contact 
points  pressing  against  contact  fingers  attached  to  flat  springs 
which  are  connected  to  the  terminals  of  the  motors,  starting  re- 
sistances, and  trolley  wire  connection,  respectively.  The  rotation 
of  the  barrel  p  c  is  effected  by  turning  a  handle  at  the  top,  and 
the  connections  are  such  that  the  whole  of  the  changes  can  be 
made  with  rather  less  than  a  single  revolution  of  the  handle. 
The  reversal  of  the  motor,  which  should  rarely  be  required,  is 
effected  by  a  second  handle  or  lever  projecting  from  the  top  of  the 
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case  and  attached  to  the  barrel  R  C.  By  means  of  an  interlocking 
device  this  handle  can  only  be  operated  when  the  main  switch 
handle  is  in  such  a  position  that  the  motors  are  disconnected  from 
the  line.  As  the  main  handle  is  turned  and  the  various  contacts 
are  successively  broken  the  tendency  for  arcing  is  minimised  in 
an  ingeniously  simple  way.    The  Fio  rft 

column  s  S  is  a  solenoid  having 
an  iron  core  and  surrounded  by 
a  metal  shield.  Asbestos  collars 
placed  at  intervals  separate  the 
several  contact  fingers  and  pre- 
vent the  arc  from  travelling  up- 
wards. When  an  arc  is  formed 
it  strikes  the  metal  shield  on  s  s. 
A  current  in  the  solenoid  s  s 
produces  a  Held  in  a  vertical 
direction,  and  by  considering  the 
arc  as  an  electric  current  we  know 
from  what  has  already  been  said 
that  this  current  will  be  repelled 
by  the  magnetic  field.  The 
result  is  that  the  arc  travels 
outwards,  becoming  longer  and 
longer  until  finally  it  breaks,  the 
whole  process  of  '  killing '  the  arc 
being  very  rapid.  In  some  cases 
an  electro- magnet  is  fixed  inside 
the  controller  case  and  so  de- 
signed that  one  of  the  extensions 
of  a  divided  pole-piece  is  fixed 
opposite  every  point  where  con- 
tact has  to  be  broken,  the  result 
being  that  the  arc  is  '  blown ' 
out.  The  cylinder  u  c  is  used  for  braking  the  motor  and  will 
be  again  referred  to  presently. 

As  might  be  expected,  there  is  a  considerable  difference  in  the 
method  of  altering  the  connections  of  the  two  motors  and  the 
resistance  coils  which  are  provided  for  driving  a  tramway  car,  but 
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the  following  process,  which  is  illustrated  in  fig.  262,  may  be  taken 
as  a  typical  and  perhaps  the  best  arrangement.  The  resistance 
coils  are  divided  into  either  two  or  three  sections,  and  in  order  to 
start  the  car  the  switch  handle  is  turned  on  to  the  first  position, 

Fig.  262 
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where  it  places  the  two  motors  in  series  with  each  other  and  with 
the  whole  of  the  resistance.  As  the  speed  rises,  the  handle  is 
turned  further,  until  eventually  the  whole  of  the  resistance  is  cut 
out,  the  two  motors  alone  being  in  circuit  and  still  in  series  with 
each  other.     The  next  step  is  to  place  the  two  motors  in  parallel, 
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but  manifestly  this  cannot  be  done  safely  with  one  switch  move- 
ment, and  the  usual  way  is  to  first  insert  one  or  more  resistance 
coils  in  circuit  and  then  to  entirely  disconnect  one  motor  ;  this 
disconnected  motor  can  then  be  joined  in  parallel  with  the  first 
one,  and  when  at  the  next  step  the  whole  of  the  resistance  is 
again  cut  out,  the  motors  alone  are  in  circuit  and  are  in  parallel 
with  each  other,  and  the  condition  for  maximum  speed  is  arrived 
at.  The  controlling  switch,  as  stated  above,  makes  all  these 
changes  successively  with  rather  less  than  a  single  revolution  of 
the  handle,  but  it  is,  of  course,  necessary  to  avoid  making  the 
series  of  changes  suddenly  ;  a  short  pause,  therefore,  should  be 
made  at  each  step  in  order  to  allow  the  motors  to  settle  down  to 
the  altered  conditions.  In  slowing  down,  the  same  changes  are 
made  in  the  reverse  order,  by  turning  the  handle  in  the  opposite 
direction.  In  some  instances  two  additional  steps  are  introduced, 
one  after  the  motors  are  in  series  without  resistance  in  circuit, 
and  the  other  after  they  are  in  parallel  without  resistance  in  circuit. 
The  step  in  each  case  consists  in  shunting  each  field-magnet  coil 
with  a  resistance  coil  in  order  to  decrease  the  field  and  thereby 
yet  further  increase  the  speed.  But  this  method  is  not  generally 
employed,  because  the  usual  practice  is  to  employ  a  comparatively 
small  quantity  of  iron  for  the  field-magnet  cores  and  yoke,  chiefly 
in  order  to  reduce  the  weight,  but  partly  also  with  the  object  of 
obtaining  a  field  of  almost  the  maximum  strength  even  when  the 
current  is  considerably  below  the  maximum.  Obviously,  with  a 
machine  so  designed,  the  field  strength  does  not  vary  greatly  with 
changes  in  the  load,  and  the  rise  and  fall  in  torque  is  chiefly  due 
to  the  rise  and  fall  of  current  in  the  armature,  and  very  little 
difference  can  conveniently  be  effected  by  shunting  the  field- 
magnet  coils. 

An  ordinary  hand  brake  is  generally  employed  in  street  tram- 
way cars,  but  an  extremely  good  braking  effect  can  be  obtained 
by  disconnecting  the  motors  from  the  line  and  then  short- 
circuiting  them,  the  barrel  b  c  in  the  controller  of  fig.  261  being 
provided  for  the  purpose.  They  will  under  such  conditions  act  as 
generators,  and  the  current  developed  through  the  low  resistance 
offered  by  the  machines  being  a  very  strong  one,  the  resistance  to 
motion  becomes  very  great ;  the  power  is,  in  fact,  approximately 
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equal  to  that  which  would  be  required  to  drive  the  motors  as 
generators  to  develop  the  particular  currents,  and  that  power  is 
applied  in  the  most  effective  manner — that  is  to  say,  directly  on 
to  the  car-wheel  axle.     On  account,  however,  of  the  severe  strain 
to  which  this  proceeding  subjects  the  motors  and  gearing  when 
the  speed  is  considerable,  this  method  of  braking  is  only  resorted 
to  in  cases  of  emergency,  unless,  as  is  occasionally  the  case,  the 
motors  and  gearing  are  specially  designed  for  the  purpose.     A 
modification  of  this  method  is  to  arrange  an  electro-magnet  of 
such  a  form  that  it  can  be  applied  to  the  carriage  wheel  as  an 
ordinary  friction  brake  and  at  the  same   time  be  excited   by 
connecting  its  winding  in  series  with  the  machine  when  acting  as 
generators.     There  is  then  a  twofold  retarding  action  due  to  the 
production  of  eddy  currents  in  the  wheel  rim  and  to  the  surface 
friction  between  the  wheel  and  the  brake. 

A  type  of  magnetic  brake  used  by  Messrs.  Dick,  Kerr  &  Co.  for 
crane  motors  is  shown  in  fig.  263.  An  extension  of  the  bearing 
at  the  commutator  end  of  the  shaft  carries  a  malleable  iron  frame 
a  in  which  an  exciting  coil  e  is  placed.  The  hub  of  this  frame  is 
prolonged  to  receive  a  cast-steel  conical  ring  r,  which  is  free  to 
move  axially  but  is  prevented  from  rotating  by  a  key  shown  at  s. 
Steel  springs  are  fitted  to  the  ring  r,  which  tend  to  push  it  away 
from  the  magnet  frame  a.  At  the  extreme  end  of  the  motor 
shaft  an  iron  crown  c  is  keyed,  and  it  is  to  the  inner  surface  of 
this  that  the  braking  force  is  applied.  When  the  motor  is  con- 
nected to  the  power  mains  the  coil  e  becomes  excited  and 
magnetises  the  frame  a.  The  result  is  that  the  ring  R  is  attracted 
against  the  force  of  the  springs,  and  the  crown  c  becomes  conse- 
quently free  to  rotate.  When  the  motor  circuit  is  broken  the 
current  in  e  is  stopped  and  the  springs  push  the  ring  R  outwards 
and  thus  again  apply  the  brake  to  the  motor  shaft. 

One  of  the  chief  difficulties  to  be  met  in  electric  traction 
work  consists  in  making  satisfactory  electrical  connection  between 
the  travelling  car  and  the  conductor  or  conductors  running  the 
whole  length  of  the  line  and  which  are  permanently  joined  to  the 
generating  machines.  If  two  conductors  be  employed,  one  for 
the  lead  and  one  for  the  return,  the  necessity  for  connection  with 
the  wheels  of  the  car,  the  rails,  and  the  earth  is  avoided,  but  the 
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construction  is  more  complicated  and  much  more  expensive  than 
when  a  single  conductor  and  an  earthed  return  are  employed, 
because  not  only  are  the  attachments  and  insulators  doubled  and 
the  conductor  doubled  in  length  but  the  conductor  itself  must 
be  more  massive  for  a  given  fall  of  potential,  because  there  is 
practically  twice  the  length  of  conductor  in  circuit.  For  these 
reasons  the  single  conductor  system  is  almost  universally  adopted. 


One  pole  of  the  generating  dynamo  or  dynamos  is  then  per- 
manently connected  to  the  rails  and  earth,  and  the  other  pole  to 
the  conductor,  which  is  insulated  as  effectively  as  the  conditions 
allow  throughout  the  entire  length  of  the  line ;  a  sliding,  rubbing, 
or  rolling  contact  is  made  between  the  conductor  and  a  suitable 
extension  carried  by  the  car,  by  which  means  the  current  is  led  to 
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one  terminal  of  the  motors,  the  other  terminal  making  earth 
through  the  car-wheels,  and  perhaps  also  a  brush  or  sliding 
contact,  and  the  rails. 

There  are  three  distinct  methods  of  running  the  conductor. 
In  the  first  place  it  may  be  carried  on  insulators  in  a   conduit 
constructed  between  the  rails,  the  collector  or  trailer  which  makes 
the  necessary  sliding  contact  passing  down  through  a  slot  in   the 
top  of  the  conduit.     In  the  second  method,  a  third  rail  insulated 
throughout  its  entire  length  is  run  between  the  two  car-wheel  or 
running  rails  and  at  almost  the  same  level.     The  third  method  is 
that  known  as  the  trolley  system,  in  which  a  hard  copper  wire  is 
suspended  above  the  track  and  connection  is  made  by  means  of 
a  brush  or  wheel  carried  on  a  trolley  pole  which  is  supported  on 
the  roof  of  the  car.     There  is  an  interesting  modification  of  the 
underground  conduit  system    known   as  the   '  surface  contact  * 
system,  in  which  the  conductor  is  automatically  connected  to  the 
motors  under  the  car  by  means  of  a  plunger  as  the  car  passes 
over  it.     These  several  systems  will  be  more  fully  dealt  with  in 
Chapter  XVII. 

The  system  laid  on  the  South  London  tramway  service 
possesses  many  novel  and  instructive  features.  It  has  been 
designed  in  detail  by  Sir  A.  B.  W.  Kennedy,  and  comprises  about 
58  miles  of  double  track,  running  along  routes  which  were 
previously  served  by  a  horse-tramway  system.  At  the  time 
of  writing  the  maximum  number  of  cars  in  use  at  one  time  is  690. 
The  conduit  principle  has  been  adopted,  notwithstanding  its 
much  greater  cost  as  compared  with  the  overhead  trolley 
principle,  which  is  almost  universally  adopted  in  Europe,  the 
only  other  exceptions  being  on  a  small  scale  in  Brussels  and 
Berlin.  It  may  interest  the  student  to  learn  that  the  prime  cost 
of  a  trolley  line  is  about  6000/.  per  mile  per  track,  the  conduit 
system  costing  about  13,500/.  exclusive  of  the  rails.  It  has  been 
laid  down  by  competent  authorities  that  the  additional  expense 
is  warranted  on  financial  grounds,  when  the  traffic  suffices  to 
maintain  a  two- minute  car  service. 

In  Sir  A.  Kennedy's  scheme,  the  conductors  are  run  in  a 
concrete  conduit,  with  heavy  cast-iron  yokes  bedded  in  the 
concrete  at  a  distance  of  3  ft.  9  in.  apart — centre  to  centre — to 
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support  the  '  slot-rails,'  and  affords  a  ready  means  for  adjusting 
the  positions  of  those  rails  and  also  of  the  car-rails.  The  depth 
of  the  conduit  from  the  surface  of  the  road  is  about  16$  in.,  and 
the  maximum  width  14^  in. 

A  cross-section  of  the  line  through  one  of  the  yokes  is  given 
in  fig.  264.  a  p.  are  the  car-rails  resting  on  a  substantial  bed  of 
concrete,  y  v  is  the  yoke,  which  is  a  massive  casting  weighing 
153  lb. ;  in  section  it  is  H-shaped— that  is  to  say,  it  consists  of  an 
inner  stout  flange  a  and  an  outer  flange  d,  with  an  iron  web 
connecting  the  two  together.  The  inner  face  of  the  flange  a  is 
uniform  with  the  cement  lining  of  the  conduit.     The  upper  part 


of  the  yoke  supports  the  slot-rails  c  and  d,  the  width  of  the  slot 
being  075  in.  A  section  of  one  of  the  slot-rails  is  given  at  a 
in  fig.  265.  It  will  be  seen  that  the  rail-head  is  very  massive 
and  is  provided  with  a  rather  sharp  edge  at  d  to  facilitate  the 
dropping  of  water  and  mud,  and  thereby  to  prevent  it  creeping 
down  the  surface  of  the  yoke.  A  bolt  passing  through  a  secures 
the  rail  to  the  upper  portion  of  the  yoke,  the  bolt-hole  A  carrying 
the  tie-bar  which,  as  will  be  seen  in  fig.  264,  secures  the  rail  to 
a  lug  projecting  from  the  corner  of  the  yoke.  There  are  two 
insulated  conductors,  e  and  f,  fig.  264,  which  are  -H-shaped,  as 
shown  in  section  at  b,  fig.  265,  and  are  made  in  30  ft  lengths. 
Every  alternate  yoke  is  also  secured  to  the  car-rails  by  means  of 
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tie-bars,  as  at  c  and  d,  fig.  364.  The  iron  yoke  is,  of  course,  the 
key  of  the  whole  combination,  and  the  alignment  of  the  slot-rails 
and  car-rails  is  very  effectively  accomplished  by  first  fixing  the 
ends  of  the  several  tie-bars  to  the  yoke, 
and  subsequently  adjusting  the  other'ends 
in  the  slot-rails  and  car-rails  respectively. 
This  is  a  marked  improvement  upon  the 
practice  hitherto  followed  of  tieing  the 
car-rails  and  slot-rails  directly  together, 
with  the  result  that  the  slot-rail  was 
frequently  thrown  out  of  line.  The 
roadway  is  paved  with  granite,  wood 
being  regarded  as  unsuitable  on  account 
of  its  liability  to  expand  when  wet,  in 
which  case  the  slot-rails  would  probably 

be  forced  out  of  line.     Where  the  road 

passes  a  hospital  or  a  church,  and  where 

granite  would  be  objectionable  on  account  of  the  noise  made  by 

ordinary  traffic,  blocks  of  a  hard  bituminous  compound  are  used. 

The  conductors  are  fixed  well  within  the  conduit,  so  that 

anything  falling  through  the  slot  shall  drop  between  them.    The 


k 


method  of  supporting  the  conductors,  which  are  of  rolled  mild 
steel,  is  shown,  partly  in  section,  in  fig.  266.  There  is  a  hand-hole 
at  each  side  of  the  slot-rails,  and  the  conduit  is  enlarged  so  as  to 
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give  access  to  the  insulators,  &c.  These  hand-holes  and  insulators 
are  placed  at  intervals  of  15  ft.,  and  as  the  conductor  bars  are  in 
30  ft.  lengths,  there  is  a  support  for  each  bar  at  its  middle,  and 
another  for  the  junction  of  two  adjacent  lengths.  The  cast-iron 
box  a  a,  measuring  16  in.  by  13  in.,  rests  on  one  side  on  the  foot 
of  the  slot-rail,  its  other  three  sides  being  well  supported  on 
concrete.  A  cast-iron  cover  rests  on  this  box,  and  on  being 
removed  it  exposes  to  view  an  iron  hood  b,  which  is  secured  by 
two  bolts  to  the  lower  part  of  the  slot-rail,  one  of  these  bolts 
being  shown  at  c.  A  porcelain  insulator,  corrugated  on  the 
upper  portions  of  its  inner  and  outer  surfaces,  is  fixed  into  the 
hood  b  by  means  of  cement,  an  iron  spindle  e  being  similarly 
cemented  inside  the  insulator.  A  horizontal  forked  clip  f  is 
bolted  on  to  the  lower  end  of  the  spindle  e,  and  the  horizontal 
stem  of  the  H-shaped  conductor  bar  g  is  placed  in  the  fork  and 
fixed  by  means  of  the  pin  h.  It  is,  of  course,  essential  that  the 
conductor  bar  should  be  properly  lined  up,  and  in  order  to  effect 
the  necessary  adjustment  there  is  a  sort  of  eccentric  washer 
between  the  shoulder  of  the  spindle  and  the  upper  side  of  the 
horizontal  fork,  and  by  revolving  this  washer  the  fork  can  be 
urged  either  forward  or  backward  as  may  be  required. 

At  the  alternate  insulators  provision  has  to  be  made  for 
securing  the  ends  of  two  adjacent  conductor  bars.  This  is  effected 
by  widening  the  horizontal  fork  and  providing  two  pins,  one  for 
securing  one  bar  and  the  second  for  securing  the  other  bar.  In 
order  to  secure  efficient  electrical  continuity  between  the  two  bar 
sections  there  is  a  pair  of  copper  bonds,  wedged  by  hydraulic 
pressure  into  holes  near  the  ends  of  the  bars.  The  exposed  face 
of  the  conductor  bars  is  3^  in.  wide,  which  gives,  of  course,  a  good 
rubbing  surface. 

At  intervals  the  conductor  bars  are  interrupted  for  a  distance 
of  8  feet  or  thereabouts,  so  that  the  plough  can  be  dropped  into 
the  conduit  clear  of  the  conductors,  and,  by  raising  the  cover 
provided  for  these  plough-holes,  the  plough  can  be  withdrawn 
and  replaced  if  necessary. 

Both  poles  of  the  generator  are  led  into  the  conduit,  one  being 
connected  to  one  conductor  bar,  and  the  other  pole  to  the  other 
bar,  so  that  neither  the  slot-rails  nor  the  car-rails  are  utilised 
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electrically,  nor  is  any  part  of  the  electrical  circuit  earthed.  This 
is  an  excellent  arrangement,  but  it  involves  a  somewhat  elaborate 
device  for  the  plough,  which  must,  of  course,  carry  two  conductors 
insulated  from  one  another  and  from  the  plough  itself.  A  sectional 
plan  of  the  lower  end  of  the  plough  is  given  in  fig.  267.  There 
are  two  rather  massive  cast-iron  contact '  shoes,'  a  a,  7^  in.  lon£ 
and  4  in.  wide,  which  are  pressed  against  the  conductor  bars  by 
means  of  the  .-".jrin^s  *  '■  The  distance  between  the  li.irs  j-  r',  .- 
but  when  the  plough  is  free  the  outer  surfaces  of  the  shoes  are 
7  in.  apart,  so  that  the  springs  cause  a  fair  rubbing  pressure 
between  the    shoes    and   the  bars,  the    pressure   necessary    to 
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sufficiently  compress  the  springs  being  about  8  lb.  The  shoes 
are  connected  to  the  frame  of  the  plough  {consisting  of  hard  wood 
treated  with  an  insulating  waterproof  compound)  by  means  of 
the  movable  iinks  c  c.  Flexible  safety  fuses  d  </,  which  melt 
or  'blow'  when  a  current  of  150  amperes  passes  through  them, 
convey  the  current  from  the  shoes  to  the  insulated  flat  copper 
strips  e,  which  pass  up  two  grooves  between  a  pair  of  pro- 
tecting steel  plates.  These  plates  when  bolted  together  form 
the  shank  of  the  plough,  the  conductors  being  insulated  by 
means  of  vulcanised  indiarubber  and  tape.  The  head  of 
the  plough   is  of  gun-metal  grooved  to  receive  and  secure  the 


chap,  xii  Greenwich  Power  Station  531 

shank-plates.  Properly  protected  cables  insulated  with  india- 
rubber  connect  the  plough  conductor  strips  with  the  motor, 
and  arrangements  are,  of  course,  introduced  for  releasing  the 
plough  from  the  frame  or  truck  of  the  car  in  the  event  of  an 
obstruction  or  accident,  which  might  otherwise  have  serious 
results. 

The  generating  station  is  at  Greenwich,  and  occupies  a  site  of 
3 1  acres.  Usually  it  is  more  economical  to  locate  the  station 
somewhere  near  the  centre  of  the  area  to  be  supplied,  but  in  this 
case  the  station  is  near  the  border  of  the  tramway  system  which 
it  serves.  The  drawback  on  this  account  is  quite  compensated 
for  by  the  fact  that  the  station  is  by  the  riverside,  and  conse- 
quently (a)  an  ample  supply  of  river  water  is  available  for  con- 
densing-purposes,  and  (b)  sea-borne  coal  can  be  used  and  delivered 
direct  from  the  colliers,  which  are  unloaded  by  electric  cranes  into 
trucks  which  travel  along  the  pier  and  discharge  into  a  steel 
bunker  on  the  river  bank.  Between  this  bunker  and  the  bunkers 
in  the  boiler-house  are  two  conveyers  of  the  bucket  type,  by 
means  of  which  the  coal  is  distributed  to  the  furnaces ;  the 
conveyers  return  beneath  the  firing  floor  of  the  boiler-house  and 
provide  a  means  for  removing  the  ashes.  The  power-house  at 
present  is  rather  less  than  one-half  of  its  ultimate  capacity,  but  it 
already  contains  four  three-phase  alternator  sets,  each  having  an 
output  of  3500  kilowatts  at  a  pressure  of  6600  volts  with  a 
periodicity  of  25  cycles.  The  alternators  are,  of  course,  of  the 
rotating  field  type,  and  the  stators  are  star-wound,  with  the 
neutral  point  earthed.  The  high-pressure  current  from  these 
machines  leaves  the  station  by  two  groups  of  '  feeders,'  which 
respectively  supply  the  north  and  south  of  London.  The  feeders 
terminate  in  a  number  of  sub-stations,  the  most  remote  being 
about  nine  miles  distant  from  the  station.  Each  sub-station  is 
fitted  with  three  500-kilowatt  motor-generators  of  the  rotary 
converter  type  (see  p.  548),  which  transform  the  6600  volts 
alternating  current  into  a  direct  current  at  a  pressure  of  550  volts 
for  driving  the  motors  under  the  tram-cars.  The  ultimate  capacity 
of  the  generating  station  is  designed  to  be  no  less  than  34,000 
kilowatts.  The  current  from  the  sub-stations  is  distributed  by 
means  of  cables  having  conductors  of  copper  ranging  from  0*2  to 
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07  sq.  in.  cross-section  insulated  with  paper  impregnated  vitb 
non-volatile  oil  and  sheathed  in  lead.     These  cables  are  run  m 
earthenware  ducts  bedded  in  fine  cement  concrete.     The  condm: 
conductor  bars  are  divided  into  quarter-mile   sections   with  a 
separate  pair  of  feeders  for  each  section,  the  ducts  along  the  line 
being  laid  between  the  two  tracks.     At  the  division  between  two 
sections  the  ducts  and  conductors  are  run  from  the  *  clear  way' 
to  a  distributing  pillar  (Chapter  XVII.)  erected  at  the  edge  of  the 
pavement,  opposite  the  sectional  division.     From  these  pillars  the 
conductors  are  run  back  to  the  conduit,  so  that  should  any  accident 
happen  to  one  sectional  conductor,  the  two  sections  can  be  joined 
together  temporarily  as  a  half-mile  section,  either  on  both  poles 
or  on  only  one  pole,  according  to  circumstances.     The  system 
of  controlling  every  electrical  connection  from  the  pillars  avoids 
the  necessity  for  running  lengths  of  cable  along  the  conduit  itself 
where  it  would  be  liable  to  damage  or  to  premature  deterioration. 
The  motors  are  made  by  Messrs.  Dick,  Kerr  &  Co.,  and  are  of  a 
type  similar  to  those  already  described,  their  output  being  37  horse- 
power.    Two  of  these  motors  are  mounted  under  each  car.     The 
resistance  coils,  which  take  the  form  of  spirals  of  high  resistance 
strip-iron  wound  on  metal  spiders,  the  convolutions  being  separated 
by  asbestos  sheet,  are  placed  under  the  seats  of  the  car,  adequate 
provision  being  made  for  the  free  passage   of  air  currents  for 
cooling-purposes. 

An  excellent  system  of  drainage  has  been  designed  to  carry  oft 
the  surface  water  direct  from  the  conduits  into  the  drains,  and  the 
bottom  of  the  conduit  being  rounded  there  is  little  tendency  for 
mud,  &c,  to  accumulate.  Periodic  cleanings  can,  of  course, 
remove  any  foreign  matter  that  may  happen  to  be  left  in  the 
conduit.  The  whole  system  has  been  designed  with  the  utmost 
regard  to  safety  and  immunity  from  breakdown. 

It  is  evident  that  whenever  an  intermediate  gearing  is  employed 
between  the  armature  shaft  and  the  shaft  upon  which  the  work  is 
required  to  be  done,  some  of  the  power  must  be  wasted,  however 
well  the  gearing  may  be  designed  and  made.  It  is  therefore 
advantageous  to  avoid  such  gearing  and  drive  direct  from  the 
armature  shaft,  even  though  it  may  perhaps  be  necessary  to  employ 
a  slightly  less  efficient  motor  for  the  purpose.     The  speed  at  which 
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the  axles  of  an  ordinary  tram-car  rotate  is  low,  and  direct  driving 
at  such  a  speed  by  means  of  motors  presents  many  difficulties. 
Fortunately  we  have  soon  learned  to  appreciate  the  higher  speed 
at  which  electric  tram-cars  usually  run ;  but  for  electric  railway 
work,  where  the  speed  may  be  considerably  higher,  the  method  of 
direct  driving  has  been  successfully  carried  out.  The  first  appli- 
cation was  made  by  Messrs.  Mather  &  Piatt  on  the  City  and 


South  London  Railway.  The  up  and  the  down  lines  run  in 
separate  tunnels  throughout,  the  tunnels  being  constructed  of 
cast-iron  sections  bolted  together  by  internal  flanges,  as  illustrated 
in  fig.  268,  which  shows  a  section  through  the  tunnel  and  an  end 
view  of  one  of  the  locomotives.  The  rails  are  supported  on 
wooden  sleepers  which  fit  and  rest  upon  the  sides  of  the  tunnel 
as  shown,  the  gauge  being  4  ft.  8^  in.  The  conductor  from 
which  the  current  is  taken  is  of  channel  steel  supported  on  glass 
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insulators  and  running  throughout  the  line  between  the  nn 
rails,  as  indicated  in  the  figure,  its  upper  surface  being  atwc 
an  inch  below  that  of  the  rails.  The  motors  are  mounted  a 
a  separate  car  or  'locomotive,'  each  locomotive  drawing  futr 
passenger  carriages.  From  the  bottom  of  each  locomotive  tl 
massive  cast-iron  trailers  are  hinged;  these  trailers,  which  ipt 
electrically  connected  together,  slide  over  the  surface  of  the  stw 
conductor  and  so  collect  the  current.  The  conductor  is  composes 
of  a  special  kind  of  mild  steel  which  has  a  comparatively  lo" 
specific  resistance,  the  resistance  of  a  mile  of  the  conductor  being 
a  little  more  than  a  quarter  of  an  ohm.  The  various  lengths 
are  connected  with  fishplates  and  bolts,  but  to  ensure  a  good 
electrical  connection  copper  strips  are  also  employed,  the  ends 
of  each  strip  being  riveted  to  the  ends  of  adjacent  lengths  of  the 
conductor. 

The  line  was  first  opened  for  traffic  in  1890,  and  the  tool 
length  was  3J  miles.  Since  then  the  length  has  been  con- 
siderably extended,  and  a  new  generating  station  has  been  built, 
the  distribution  having  also  been  converted  from  the  two  wire 
to  the  three-wire  system  (Chapter  XVII.)  with  rooo  volts  between 
the  outers,  the  rails  being  used  as  the  middle  wire. 

There  are  seven  sets  installed  in  the  generating  station,  each 
set  being  directly  and  independently  driven  by  a  Willans  engine. 
Two  of  the  sets  comprise  125-kilowatt  generators,  one  of  these 
being  a  Siemens  bipolar  machine,  which  ran  for  about  six  years 
in  the  old  generating  station,  the  other  being  an  Electrical 
Construction  Company's  four-pole  generator.  Two  other  sets 
include  300-kilowatt  generators,  the  armatures  of  which  are  each 
4  ft.  1  in.  in  diameter  and  each  machine  has  six  poles,  the 
magnet  frame  being  split  into  two  sections  across  a  horizontal 
diameter.  There  is  likewise  a  400-kilowatt  generator  whose 
armature  is  also  4  ft.  2  in.  in  diameter,  and  the  magnets  have 
six  poles,  the  yoke  being  split  across  a  vertical  diameter. 
Finally,  there  are  two  800-kilowatt  sets  having  armatures  10  ft. 
8  in.  in  diameter,  whose  weight  (without  shaft)  is  twenty-eight 
tons.  The  field-magnets  of  these  last-mentioned  machines  ate 
divided  into  four  portions  to  facilitate  handling  and  have  four- 
teen poles. 
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There  are  two  sub-stations  which  are  supplied  with  high- 
tension  continuous  current,  the  pressure  being  reduced  by  means 
of  rotary  transformers. 

The  old  type  of  locomotive  with  Gramme  surface-wound 
armatures  has  been  superseded,  and  slot-wound  machines  are 
now  used  throughout  and  have  so  far  proved  vastly  superior.  A 
further  improvement  has  been  the  substitution  of  electric  for 
hydraulic  lifts. 

9  The  Central  London  Railway  presents  several  interesting 
features,  the  chief  being  the  unusual  weight  of  the  trains  as 
compared  with  previously  existing  electrical  lines,  and  the  remark- 
able series  of  transformations  which  the  current  undergoes  before 
it  is  finally  conducted  to  the  motors.  Each  loaded  train,  drawn 
by  a  separate  locomotive,  weighs  about  150  tons.  The  locomotive 
is  mounted  on  two  four-wheel  bogie  trucks,  the  wheels  being  42  in. 
in  diameter  ;  a  direct-current  series-motor  is  mounted  on  each 
axle  shaft,  driving  direct  without  gearing,  each  locomotive  being 
thus  provided  with  four  motors  of  about  120  horse-power  each. 
These  motors  are  connected  two  in  series  and  two  in  parallel  at 
starting,  and  they  are  connected  four  in  parallel  when  full  speed 
is  attained.  By  this  means,  and  with  the  aid  of  resistance  coils, 
a  series  of  sixteen  steps  is  obtained  between  the  positions  of  rest 
and  full  speed.  The  current  is  collected  by  means  of  trailers 
under  the  locomotive,  from  a  *  third  rail  *  fixed  with  its  surface 
about  1^  in.  above  that  of  the  rails  proper.  This  third  rail 
is  constructed  of  high  conductivity  mild  steel,  of  channel  section, 
supported  on  porcelain  insulators. 

The  current  is  obtained  at  the  main  generating  station  by 
means  of  three-phase  alternators,  with  stationary  armatures 
and  a  rotating  field,  the  rotating  part  weighing  34,000  lb.  The 
output  of  each  machine  running  at  94  revolutions  per  minute  is 
850  kilowatts,  the  pressure  being  5000  volts  and  the  periodicity 
25  cycles  per  second.  The  high-pressure  current  thus  generated 
is  led  to  three  sub-stations  along  the  line,  and  there  transformed, 
by  means  of  stationary  transformers,  down  to  a  pressure  of 
306  volts. 

The  low-pressure  alternating  current  thus  obtained  is  led  to 
specially  designed  rotary  converters  or  transformers  which  take  in 
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the  alternating  current  at  306  volts,  and  give  out  a  direct  current 
at  500  volts.  The  current  in  this  form  is  led  to  the  third  rail 
and  thence  to  the  locomotive  motors.  This  railway  furnishes  one 
of  the  most  successful  examples  of  the  application  of  electrical 
power. 

Speaking  generally,  one  disadvantage  attending  the  running  of 
motors  in  parallel  circuit,  supplied  with  current  at  a  constant 
potential,  results  from  the  fact  that  the  current  carried  by  the  main 
leading  wires  is  the  sum  of  the  currents  supplied  to  the  whole  of 
the  motors.  When  the  number  is  great,  this  main  current  becomes 
enormous,  and  the  main  conductors  or  feeders  must  be  corre- 
spondingly massive  to  avoid  serious  loss  of  power  and  fall  of 
pressure ;  and,  of  course,  the  greatest  loss  and  fall  occur  at  the 
time  when  they  can  least  be  permitted,  viz.  when  the  motors  are 
demanding  the  maximum  current.  Many  difficulties  disappear 
in  a  system  of  distribution  of  power  to  motors  which  require  to 
be  supplied  with  a  constant  current,  for  all  the  machines  can  be 
joined  in  series,  and  the  mains  need  only  be  of  sufficient  size  to 
carry  the  current  required  by  one  machine,  instead  of  the  whole 
of  them.  But  other  difficulties  arise,  chiefly  in  connection  with 
the  means  available  for  communicating  the  current  to  the  motors ; 
sufficiently  great,  in  fact,  to  make  the  parallel  system,  on  the 
whole,  more  practicable.  In  fact,  although  a  number  of  promising 
systems  have  been  tried,  it  can  hardly  be  said  that  series  working 
has  yet  been  successfully  accomplished  for  tramway  or  railway 
work.  The  parallel  system  is  almost  universally  adopted,  and 
the  current  to  be  carried  by  the  mains  is  kept  as  low  as  possible 
by  employing  a  comparatively  high  voltage  at  the  motor  terminals, 
and  also,  if  necessary,  interposing  transforming  devices. 

Undoubtedly  the  ideal  arrangement  is  for  each  vehicle  to  be 
entirely  self-contained,  carrying  not  only  its  motor  or  motors,  but 
also  the  immediate  source  of  electrical  power.  For  in  such  a  system 
neither  expense  nor  inconvenience  is  incurred  by  any  alteration 
to  the  existing  road,  or  by  the  erection  of  an  overhead  conductor, 
with  its  feeders,  &c. ;  and  a  host  of  other  attendant  inconveni- 
ences are  obviated.  The  only  practical  method  of  achieving  this 
result  is  by  the  aid  of  secondary  batteries.  Each  battery  must 
consist  of  a  sufficient  number  of  cells  to  give  the  required  potential 
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difference  at  the  motor  terminals,  each  cell  must  be  of  such  a  size 
as  will  enable  it  to  supply  a  current  of  the  maximum  strength 
required,  and  the  capacity  of  the  whole  battery  must  be  sufficient 
to  enable  the  vehicle  to  be  propelled  with  full  load  for  at  least 
one  complete  journey.  As  the  question  of  the  loss  in  the  mains 
does  not  now  require  to  be  considered,  the  necessity  for  a  high 
potential  difference  disappears,  and  consequently  a  battery  of,  say, 
50  cells,  giving  a  pressure  of  about  100  volts,  will  in  most  cases 
suffice.  With  the  reduction  in  pressure  there  must  obviously  be 
a  proportional  increase  in  current  strength.  Hence  the  cells, 
although  comparatively  few  in  number,  must  be  large  and  corre- 
spondingly heavy.  Herein  lies  the  first  difficulty  to  be  overcome, 
because  although  up  to  a  certain  point  the  increase  of  weight 
assists  by  increasing  the  adhesion  between  the  wheels  and  the 
rails,  the  minimum  increase  in  weight  with  an  effective  secondary 
battery  exceeds  this  limit,  and  therefore  a  considerable  proportion  of 
the  energy  expended  is  required  to  carry  the  battery  itself.  Efforts 
have  been  made  to  reduce  the  weight  of  the  non-productive 
portion  of  the  battery,  as  well  as  of  the  plates  themselves ;  but 
hitherto  this  reduction  has  generally  been  effected  at  the  expense 
of  mechanical  strength  and  durability,  and  of  electrical  capacity. 
As  the  conditions  are  such  as  to  subject  the  cells  to  considerable 
vibration,  it  is  evident  that  unless  they  are  mechanically  strong 
their  life  will  be  but  short ;  and  a  reduction  in  electrical  capacity 
involves,  of  course,  a  frequent  return  to  the  generating  station  for 
re-charging.  Unfortunately  the  ideal  secondary  cell  for  this  class 
of  work  remains,  and  is  likely  to  remain,  yet  to  be  produced. 
It  may  be  mentioned,  however,  that  with  a  battery  of  secondary 
cells  a  new  method  of  regulation  may  be  adopted ;  the  battery 
may  be  divided  into  several  sections  and  by  means  of  a  suitable 
controlling  switch  the  whole  of  the  sections  may  be  joined  in 
parallel,  or  in  series,  or  in  a  combination  of  series  and  parallel, 
thus  obtaining  a  wide  range  of  impressed  e.m.f.  at  the  motor 
terminals.  With  this  arrangement  smaller  cells  than  would  other- 
wise be  necessary  may  be  employed,  because  when  the  minimum 
impressed  e.m.f.  is  required,  as  at  starting,  the  current  is  then 
heaviest,  and  the  sections  being  in  parallel,  this  heavy  current 
divides  between  them,  so  that  the  current  per  cell  may  be  no 
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higher  than  that  given  out  when,  with  all  the  cells  in  series,  the 
speed  is  highest  and  the  current  through  the  motor  at  a  minimum. 

A  distinct  and  interesting  type  of  motor  which  is  in  general 
use  is  the  Lundell  motor  of  Messrs.  J.  H.  Holmes  &  Co.  It  is 
illustrated  in  fig.  269,  which  gives  a  longitudinal  section  of  the 
machine,  and  an  end  view  partly  in  section.  The  characteristic 
feature  of  the  machine  is  that  it  is  provided  with  but  one  field 
coil,  which  excites  two  poles  of  unusual  shape.  The  magnet  frame 
is  made  in  two  parts,  each  half  being  cast  solid  with  one  of  the 
poles,  as  shown  at  b  b  in  the  section.  The  exciting  coil  a  a  is 
placed  obliquely  so  that  when  it  is  in  proper  position  both  the  poles 
are  embraced  by  it.  It  will  be  understood  that  the  coil  is  securely 
held  when  the  two  field  castings  are  bolted  in  position,  and  that 
there  is  therefore  no  need  for  any  special  fixings  in  order  to  prevent 
it  from  moving  :  it  is  sufficient  in  putting  the  machine  together  to 
simply  slip  the  coil  into  position,  bring  the  field  castings  together, 
and  secure  the  bolts  on  the.  outside.  Conversely,  if  it  is  desired 
to  withdraw  the  coil,  all  that  is  necessary  is  to  unbolt  and  separate 
the  castings  and  lift  the  coil  out.  The  frame  is  circular  on  the 
outside,  but  it  is  oval  in  shape  on  the  inner  side,  as  may  be 
gathered  from  the  end  view.  The  commutator  end-plate,  which 
also  contains  one  of  the  bearings,  is  bolted  on  to  the  facing  d. 
The  commutator  itself  is  simple  in  design,  the  frame  which 
carries  it  being  made  in  two  parts,  which,  when  screwed  together, 
clamp  the  segments  firmly  in  position. 

Another  feature  in  the  machine  is  the  brush  holder,  which 
differs  in  detail  from  the  design  adopted  with  machines  of  the 
types  already  referred  to.  The  main  support  g  consists  of  a 
peculiar  shaped  casting,  resembling  somewhat  the  letter  U,  with 
a  long  stem  or  web  attached  to  the  lower  part.  This  web  is 
enlarged  in  the  middle  in  order  to  allow  of  a  tapped  hole  which 
passes  right  through  the  web,  and  carries  a  screw  t,  by  means  of 
which  the  casting  is  secured  to  the  frame.  In  the  channel,  gy 
of  the  section  two  square  tubes  of  insulating  material  are  fitted, 
one  of  them  being  shown  at  d.  The  brush  holders  proper  slide 
into  these  tubes,  and  a  square  insulating  washer  h  is  screwed  on 
the  end,  thus  preventing  the  tube  d  from  moving  relatively  to  the 
brush  holder.    The  piece  /is  a  webbed  bar  drilled  in  the  middle, 
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and  which,  by  means  of  the  screw  e,  allows  the  two  insulation 
tubes  */to  be  clamped  into  the  channel  of  the  casting,  and  enables 
the  adjustment  of  the  same  to  be  carried  out  very  readily.  The 
copper  strips  a  connect  the  brush  box  k  to  the  main  body  of 
the  holder,  and  the  necessary  pressure  of  the  brush  on  the 
commutator  is  provided  by  the  adjustable  strip  springs  b.  The 
brush  lead  is  secured  in  the  socket  by  a  screw,  c,  and  carried  to 
the  terminal  block  f.  Holes  w  are  provided  for  the  admission  of 
the  supply  cables,  and  hand-holes  e  are  provided  in  the  com- 
mutator cover  to  allow  of  inspection  of  the  commutator  and 
to  facilitate  the  adjustment  of  the  brushes.  The  commutator 
bearing  is  fixed  by  the  stud  h,  and  the  end-plate  k  can  be 
removed  to  admit  oil. 

The  bore  of  the  magnet  poles  is  9^  in.,  and  the  diameter 
of  the  armature  is  8|  in.,  thus  giving  an  air  gap  of  T3e  in. 
The  machine  shown  in  the  figure  is  a  6  h.p.  motor,  and  the 
armature  can  be  wound  for  any  pressure  from  100  to  500  volts. 
The  number  of  conductors  necessary  for  any  given  pressure 
between  these  limits  can  be  calculated,  since  the  magnetic  flux 
per  pole  is  i*8  million  lines,  and  the  speed  is  from  1000  to  11 00 
revolutions  per  minute  for  the  above  ratings.  The  current 
absorbed  can  be  found,  of  course,  for  any  given  voltage  from 
a  knowledge  of  the  efficiency  of  the  machine.  The  commutator 
has  56  or  84  segments  according  to  conditions  of  winding. 

An  important  operation  in  connection  with  a  dynamo  machine 
is  the  determination  of  its  commercial  efficiency  :  that  is,  in  the  case 
of  a  generator,  the  ratio  of  the  electrical  power  appearing  in  the 
external  circuit,  and  available  for  useful  work,  to  the  total  mecha- 
nical power  spent  in  driving  the  machine  ;  and,  in  the  case  of  a 
motor,  the  ratio  of  the  useful  mechanical  power  obtained  on  the 
armature  shaft,  to  the  total  electrical  power  absorbed.  The  accurate 
measurement  of  the  mechanical  power  in  either  case  presents 
some  difficulty.  The  usual  method  is  to  employ  a  transmission 
dynamometer,  or  a  friction  brake,  to  determine  the  horse-power 
expended  or  obtained,  as  the  case  may  be ;  but  it  is  difficult 
with  either  class  of  apparatus  to  be  certain  of  obtaining  any  but 
an  approximately  correct  result.  The  electrical  power,  on  the 
other  hand,  can  be  measured   with  extreme  accuracy,  it  being 
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simply  necessary  to  find  the  current  strength  in,  and  the  potential 
difference  at  the  extremities  of,  the  external  circuit  of  a  generator ; 
and  the  current  passing  through  a  motor,  together  with  the  poten- 
tial difference  at  its  terminals ;  the  product  of  the  two  quantities 
in  either  case  gives  the  power  in  watts. 

If  it  were  possible  to  arrange  matters  so  that  it  would  become 
essential  to  measure,  by  a  mechanical  process,  only  a  small  fraction 
of  the  total  mechanical  power  given  to  a  generator,  say  one-tenth 
(the  other  nine-tenths  being  measured  electrically),  then  a  much 
more  accurate  result  might  be  obtained  ;  for  any  error  made  in 
measuring  this  fraction,  when  distributed  over  the  whole  amount, 
would  have  but  one-tenth  the  value  of  that  which  would  otherwise 
accrue.  And,  further,  it  is  far  easier  to  accurately  determine  the 
value  of  a  small  than  of  a  fairly  large  amount  of  mechanical  power. 

An  important  departure,  rendering  such  a  method  possible, 
has  been  made  by  Dr.  Hopkinson.  He  takes  two  approximately 
equal  machines,  and,  driving  one  as  a  generator,  leads  wires  from 
it  to  the  other,  so  connected  that  the  current  developed  by  the 
first  machine  drives  the  second  as  a  motor.  Now,  the  mechanical 
power  appearing  on  the  motor  shaft  is  less  than  that  spent  on 
the  generator,  by  an  amount  equal  to  the  power  absorbed  by 
friction,  and  by  the  heating  of  the  various  conductors,  armature 
cores,  &c,  in  the  two  machines. 

But  the  power  which  does  appear  on  the  motor-shaft  might 
easily  be  employed  to  assist  in  driving  the  generator ;  and  this  is 
effected  by  the  simple  process  of  rigidly  coupling  the  shafts  of  the 
two  machines  together ;  so  that  the  only  mechanical  power  then 
required  to  be  supplied  and  measured  is  an  amount  equal  to  that 
just  referred  to  as  being  wasted  in  the  various  parts  of  the  two 
machines  during  the  double  conversion. 

This  fraction,  thus  supplied,  is  conveniently  measured  by 
a  dynamometer  of  the  Hefner-Alteneck  type  which  measures 
directly  in  pounds  the  difference  between  the  pull  on  the  tight 
and  slack  sides  of  the  driving  belt — that  is,  the  actual  pull  causing 
the  rotation  of  the  pulley.  This  number,  multiplied  by  the  num- 
ber of  feet  travelled  by  the  belt  per  minute,  gives  the  number  of 
foot-pounds  of  work  performed  in  one  minute,  which  when  divided 
by  33,000  gives  us  the  horse-power  supplied  by  the  belt  (since 
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one  horse-power  is  a  rate  of  working  equal  to  33,000  foot-pounds 
per  minute).  With  the  particular  dynamometer  employed  in  one 
test  made  by  Dr.  Hopkinson,  the  pointer  moved  over  one  division 
of  the  scale  for  a  pull  of  2705  lb.  on  the  tight  side  of  the  belt  in 
excess  of  that  on  the  slack  side,  and  the  radius  of  the  pulley 
was  such  that  one  revolution  corresponded  to  an  advance  of 
the  belt  through  3*63  feet ;  in  this  case,  then,  the  work  done  per 
revolution  was  2705  x  3*63  foot-pounds  for  one  scale-division. 

From  this  it  will  be  seen  that  if  in  any  experiment  t  represents 
the  number  of  scale-divisions  traversed  by  the  pointer  and  n  the 
number  of  revolutions  per  minute,  then  the  power  applied 

= ^705  x  363  xnXT 
33000 

=  0*000298  x  n  x  t  horse-power. 

A  number  of  experiments  were  made  with  the  machines  in  the 
case  under  notice,  and  as  they  are  interesting,  the  full  results  of 
one  test,  as  furnished  by  the  experimenter,  are  appended. 

The  electrical  connections  were  made  as  in  fig.  270,  where  g 
and  Fg  represent  the  armature  and  field-magnet  of  the  generator, 
and  m  and  vm  those  of  the  motor,  both  the  machines  being 
shunt-wound.  The  heavy  lines  indicate  the  main  connection 
between  the  two  machines,  and,  in  order  to  measure  the  current, 
a  small  accurately  known  resistance,  r,  is  placed  in  the  main 
circuit •.  to  the  extremities  of  r  are  connected  wires  leading  from 
a  potentiometer,  by  means  of  which,  with  a  standard  primary  cell, 
the  potential  difference  between  the  ends  of  the  resistance  can  be 
accurately  measured.  This  potential  difference,  divided  by  the 
resistance  (which  was  in  this  case  0*0058  ohm),  would  give  the 
current  flowing  through  the  main  wire.  The  potential  difference 
between  the  terminals  of  the  generator  can  be  measured  by  any 
really  good  and  sensitive  voltmeter. 

Now,  the  two  machines  were  exactly  alike,  and,  consequently, 
if  joined  in  opposition  (as  two  shunt-machines  must  be,  when  one 
is  required  to  drive  the  other),  and  then  driven  at  equal  speeds, 
no  current  would  flow  from  one  armature  to  the  other,  for  they 
would  generate  equal  e.m.f.'s,   or,   in  other  words,  the  counter 
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electro-motive  force  of  the  motor  would  be  equal  to  the  electro- 
motive force  of  the  generator.  For  this  reason,  it  is  necessary  to 
weaken  the  strength  of  the  motor-field,  in  order  to  enable  a  current 
to  be  urged  through  its  armature,  and  this  was  effected  by  placing 
a  set  of  variable  resistances,  p,  in  series  with  the  motor  field- 
magnet  coils ;  and,  by  altering  this  resistance,  the  current  passing 
through  the  motor  armature  could  be  varied  at  pleasure.  The 
motor  field-magnet  coils,  together  with  p,  form  a  shunt  to  the 
generator  terminals ;  the  motor  armature  thus  receiving  the  whole 
of  the  current  passing  through  r.     Since  the  resistances  of  the 
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two  field-magnet  circuits  are  known,  the  current  in  each  can 
readily  be  calculated  after  the  potential  difference  at  the  generator 
terminals  has  been  measured. 

The  resistances  of  the  armatures  and  field-magnet  coils  of  the 
two  machines  were  : — 


Generator 
Motor  . 


Armature     . 
Field-magnets 
Armature     . 
Field-magnets 


0*009947  ohm 
16*93  ohms 

0*009947  ohm 
16*44  ohms 
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i.  The  two  dynamos  were  run  with  brushes  removed  and  with 
the  fields  unexcited. 

Scale  reading         =21*6  divisions 
Revs,  per  minute  =  808 
Horse-power         =5*2 

2.  The  two  fields  were  separately  excited,  and  the  dynamos 
driven,  still  with  the  brushes  off,  when 

Scale  reading       .         .         .         .  =  30  divisions 

Revolutions  .         .         .  =  802 

Shunt  current  in  field  of  generator  =  6*9  amperes 

„  „         motor    .  =  67 

Horse-power  .  .  =  7*169 


» 


3.  The  connections  were  made  as  in  fig.  270,  and  the  following 
results  were  obtained  : — 


k.m.f.  at  terminals  of  generator 

^ 

no* 1 2  volts 

Main  current         .... 

= 

358  amperes 

Current  through  generator  magnets 

= 

650       » 

„            „       motor  magnets     . 

:= 

5*36        » 

e.m.f.  at  terminals  of  motor  . 

• — 

107*33  v°lts 

Speed  of  machines 

— 

764  revs,  per  minute 

Power  transmitted  by  belt 

rr= 

6602  watts  =  8*850  h.p. 

Hence — 

Total  power  given  to  generator 

42917  watts  =  57*53  h.p. 

Power  lost  in  armature  core  . 

— 

831      „      =    in    „ 

„         „       generator  magnets    . 

^ 

716     „      =    0*96    „ 

„         „              „        armature    . 

— — 

1360     »      =    1^23,, 

And  therefore — 

Commercial  efficiency 

.  =  93*23  per  cent. 

Loss  in  core 

■ 

.  =     1*94       „ 

„       magnets 

.  =     i*66       „ 

„      armature 

• 

•  »    3'i7       ,» 
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Similarly  for  the  motor— 

Total  power  given  to  motor  .         .  =  38886  watts  =  52*13  h.p. 

Power  lost  in  internal  friction  of  I  Q 

\  =      831      ,.     =     1  11    „ 

core * 


Power  lost  in  motor  magnets     .         = 

472      „     =    0-63   „ 

„        „         „     armature    .         = 

1275      »     =     J7o   „ 

And  therefore — 

Commercial  efficiency  of  motor . 

.  3=  93*37  per  cent. 

Loss  in  core      .... 

.  =    2-14      „ 

„       magnets 

.  =    122      „ 

„      armature 

•  =    327      » 

The  loss  due  to  friction  of  the  bearings  and  one  or  two  un- 
important causes  has  then  to  be  determined  and  deducted,  to 
obtain  the  real  commercial  efficiency,  which,  after  this  deduction, 
was  found  to  be :  motor  92 *6  per  cent,  and  generator  92*5  per 
cent. 

One  disadvantage  of  the  original  method  is  that  it  is  necessary 
to  have  two  approximately  similar  machines  in  order  to  perform 
the  test,  and  this  is  sometimes  inconvenient.  A  number  of  modifi- 
cations of  the  method  have,  however,  been  suggested,  the  measure- 
ment of  even  a  fraction  of  the  power  mechanically  being  in  some 
cases  avoided,  by  obtaining  the  extra  power  representing  the  total 
waste  by  means  of  a  small  motor,  and  measuring  electrically  the 
amount  so  supplied. 

It  is  evident  that  any  electric  motor  may  be  employed  to  drive 
a  dynamo  machine,  and  that  in  this  way  an  electro-motive  force, 
either  higher  or  lower  than  that  applied  to  the  motor  terminals, 
may  be  obtained  with,  of  course,  a  corresponding  decrease  or 
increase  in  the  current  strength.  The  dynamo  shaft  may  be  in 
line  with  and  rigidly  connected  to  the  motor  shaft ;  or  to  proceed 
yet  a  step  further,  the  two  armatures  may  be  built  up  side  by  side 
on  the  same  shaft,  and  the  two  field-magnets  fixed  side  by  side 
on  the  same  bed-plate.  A  slight  consideration  of  such  a  machine 
will  show  that  the  two  parts  may  be  yet  further  combined :  that  is 
to  say,  the  two  sets  of  armature  conductors  may  be  wound  upon 
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one  core,  and  in  that  case  only  one  field-magnet  becomes  neces- 
sary. Such  a  machine  is  called  a  motor-dynamo,  a  dynamotor,  or 
a  motor-transformer.  The  commutators  for  the  two  sets  of  arma- 
ture connections  are  generally  placed  one  on  each  side  of  the 
armature,  the  armature  windings  being  proportioned  to  suit  the 
particular  work  for  which  the  machine  is  intended  to  be  used 
If,  for  example,  it  is  required  to  obtain  a  pressure  of  100  volts 
when  the  potential  difference  between  the  mains  is  500  volts,  the 
motor  portion  of  the  armature  should  consist  of  approximately 
five  times  as  many  convolutions  as  the  generator  part,  because  as 
the  same  field  is  employed  the  ratio  of  the  e.m.f.'s  will  depend 
on  the  number  of  armature  conductors  only.  The  commutator 
segments  and  brushes  on  the  motor  side  would  in  such  a  case  be 
less  massive  than  those  on  the  generator  side,  because  the  current 
taken  up  by  the  machine  as  a  motor  would  be  considerably 
smaller  than  that  given  out  by  it  as  a  generator.  Such  a  motor- 
dynamo  will,  if  properly  adjusted  at  the  start,  run  for  a  consider- 
able time  without  requiring  much  attention,  and  there  need  be 
little  difficulty  in  avoiding  sparking  at  the  brushes  even  though 
the  load  may  vary  considerably,  because  the  ampere-turns  in  the 
motor  part  of  the  armature  are  always  approximately  equal  to 
those  in  the  generator  part,  and  the  distortion  of  the  field  will 
consequently  be  practically  neutralised,  since  a  generator-armature 
always  tends  to  distort  the  field  in  the  opposite  direction  to  a 
motor- armature.  Further,  the  self-induction  effects  in  the  various 
motor  coils  will  be  to  a  great  extent  neutralised  by  the  opposite 
self-induction  effects  in  the  generator  coils. 

In  addition  to  the  conversion  of  a  high  into  a  low  voltage 
current,  or  a  low  into  a  high,  it  is  also  possible  to  convert  an 
alternating  into  a  direct  or  continuous  current,  and  vice  versd, 
and  it  now  behoves  us  to  consider  this  question. 

In  fig.  271  an  armature  and  commutator  are  shown  diagram- 
matically,  and  in  addition  two  slip-rings,  a  b,  are  drawn  which  are 
connected  to  diametrically  opposite  segments  of  the  commutator. 
Suppose  now  that  the  armature  is  made  to  rotate  in  a  magnetic 
field  and  that  brushes  are  applied  to  the  commutator  (at  a  diameter 
which  is  perpendicular  to  the  axis  of  the  field)  and  connected  to 
an  external  resistance.     A  continuous  current  will  flow  in  the 
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circuit,  the  connections  being  simply  those  of  an  ordinary  con- 
tinuous-current machine.  If,  however,  brushes  are  applied  to  the 
slip-rings,  a  and  fi,  a  little  consideration  will  show  that  the  potential 
difference  developed  between  these  brushes  is  alternating,  and  if 
connection  is  made  to  an  external  circuit  an  alternating  current 
will  be  produced  We  thus  see  that  it  is  possible  to  obtain  a 
continuous  current  and  an  alternating  current  from  the  same 
armature  at  the  same  time  by  providing  the  necessary  slip-ring 

Fig.  271 


connections.  Further,  it  may  be  mentioned  that  an  alternating- 
current  generator  can  be  used  as  a  motor  if  it  is  first  run 
up  to  the  speed  of  synchronism  and  then  switched  on  to  the 
alternating-current  mains.  Hence  if  we  have  a  single-phase 
current  and  a  machine  with  connections  as  shown  in  fig.  271  we 
can  drive  the  machine  as  an  alternating-current  motor  and  obtain 
a  continuous  current  from  the  commutator  brushes,  or,  in  other 
words,  such  a  machine  enables  us  to  convert  an  alternating  current 
into  a  continuous  current,  or  vice  versd,  and  is  therefore  termed  a 
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rotary  converter.  By  providing  three  slip-rings,  and  connecting 
to  three  points  on  the  commutator  which  are  respectively  1200 
(electrical)  apart,  we  may  use  three-phase  currents  instead  of 
single-phase,  and  similarly  provision  may  be  made  for  two-phase 
currents.  These  machines  are  very  largely  used  in  the  '  sub- 
stations,' which  usually  form  an  important  part  in  the  distribution 
of  current  over  a  wide  area.  Experience  has  shown  that  it  is 
much  more  economical  to  generate  at  the  central  station  an 
alternating  current,  and  transmit  it  at  a  high  pressure  to  the 
sub-stations,  transforming  (Chapter  XIII.)  it  there  to  a  low-pressure 
alternating  current,  and  then  converting  it  by  means  of  a  machine 
of  the  rotary  converter  type  into  a  continuous  current  for  the 
supply  of  tramway  systems  and  other  similar  purposes. 

In  rotary  converters  the  armature  reaction  is  comparatively 
small  since  the  alternating  current  and  continuous  current  flow 
in  the  armature  in  opposite  directions — the  alternating  current 
being  a  motor  current,  and  the  continuous  current  a  generator 
current. 

In  order  to  run  the  machine  up  to  the  synchronous  speed  it 
is  the  practice,  when  batteries  are  accessible,  to  start  the  machine 
on  the  continuous-current  side  as  a  shunt-wound  motor,  and  then 
when  all  is  ready  to  switch  off  the  batteries  and  connect  the  slip- 
rings  to  the  alternating-current  mains. 

In  fig.  272  a  rotary  converter  made  by  Messrs.  Dick, 
Kerr  &  Co»  is  shown  by  an  end  view  and  a  longitudinal  semi- 
section.  This  machine  has  eight  poles,  and  is  designed  for 
a  capacity  of  450  kilowatts.  Three  slip  rings  are  provided  on  the 
alternating-current  side  to  which  the  three-phase  current  is 
supplied  at  a  pressure  of  about  370  volts,  and  a  direct  current 
obtained  from  the  commutator  at  a  pressure  of  600  volts.  The 
speed  of  the  machine  is  375  revolutions  per  minute,  and  since 
there  are  eight  poles  this   corresponds  to  a  frequency  for  the 

375 
alternating  current  of  g—  x  4  =  25  cycles  per  second.      The 

armature  winding  is  of  the  parallel  type,  and  the  current  is 
collected  from  eight  brush  sets  on  the  commutator.  Tappings 
to  the  winding  are  made  at  intervals  of  120  electrical  degrees  and 
connections  made  to  the  three  slip-rings,    each  slip-ring  being 
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connected  to  every  third  tapping.  In  this  particular  case  there 
are  four  connections  between  each  slip-ring  and  the  armature 
winding — that  is  to  say,  one  connection  corresponding  to  each 
pair  of  poles. 

The  field- magnet  coils  are  shunt-wound  and  are  connected 
normally  in  series.  Arrangements  are  made,  however,  to  split  up 
the  field  coils  in  sections  by  means  of  the  three-pole  switch  shown 
on  the  magnet  frame.  The  object  of  this  may  be  briefly  explained : 
When  starting  the  machine  up  by  means  of  alternating  current 
supplied  to  the  slip-rings,  the  field  coils  are  short-circuited.  The 
three-phase  supply  current  produces  a  rotating  field  (see  p.  558), 
which  by  its  motion  across  the  short-circuited  field- magnet  coils 
induces  in  them  alternating  currents ;  and  it  is  the  interaction  of 
these  induced  currents  and  the  current  of  supply  which  provides 
the  starting  torque  to  the  machine.  If,  however,  all  the  field- 
magnet  coils  were  placed  in  series,  and  the  two  ends  short- 
circuited,  the  high  pressure  thus  induced  in  them  might  be 
sufficient  to  rupture  the  insulation,  and  in  order  to  avoid  this  the 
coils  are  placed  in  sections  in  parallel. 

In  the  design  of  a  rotary  converter  special  attention  has  to  be 
paid  to  the  dimensioning  of  the  sections  of  the  various  parts  of 
the  magnetic  circuit  on  account  of  the  influence  which  armature 
reaction  exerts,  but  these  points  involve  questions  of  design 
which  it  is  not  desirable  that  we  should  further  enlarge 
upon  here. 

Any  one  of  the  alternate-current  dynamos  described  in 
Chapter  VIII.  can  be  used  as  a  motor — that  is  to  say,  its  moving 
parts  can  be  caused  to  rotate,  and  mechanical  power  thereby 
obtained  on  the  armature  or  field-magnet  shaft,  as  the  case  may 
be,  by  supplying  power  electrically  by  means  of  a  suitable  alter- 
na ting  current.  Such  machines  have  some  important  advantages, 
and  some  serious  disadvantages.  The  chief  advantages  are,  first, 
that  the  electrical  power  can  better  be  generated  and  supplied  at 
a  high  potential  difference  with  a  comparatively  small  current, 
thus  minimising  the  loss  m  the  conducting  lead  ;  and,  secondly, 
that  the  machine  is  perfectly  self-regulating  as  regards  speed,  in 
spite  of  load  variations,  for  it  keeps  perfect  time  with  the 
generator.      Its  speed   can   be  varied  by  varying  the  rate  of 
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alternation  of  the  supply  current,  but  this  method  is  inconvenient 
for  obtaining  frequent  speed  alterations,  and  impracticable  if  the 
same  generator  is  supplying  more  than  one  motor.  Since  so 
much  distribution  for  lighting  purposes  is  now  being  effected  by 
alternating  currents,  the  necessity  for  a  perfectly  satisfactory, 
simple  alternating-current  motor  is  apparent,  but  up  to  the 
present  no  satisfactory  motor  is  available  for  general  use  on  such 
a  circuit.  The  principal  disadvantages  are.  that  an  alternator 
cannot  start  itself  as  readily  as  can  a  direct-current  motor,  but 
has  to  be  independently  driven  up  to  the  speed  of  the  generator  ; 
while  if  the  load  is  made  excessive  the  motor  is  liable  to  stop 
entirely  and  in  that  case  it  has  to  be  again  started  by  some 
external  means.  The  machine  will,  however,  make  great  efforts 
to  respond  to  any  extra  work  thrown  upon  it,  and  to  keep  in 
synchronism  with  the  generator,  but  will  surely  fail  immediately 
the  load  is  sufficient  to  drag  it  out  of  unison  ;  and,  of  course,  the 
fact  that  the  motor  can  be  run  at  only  one  speed  is  in  many  cases 
a  decided  disadvantage.  These  machines  are  termed  synchronous 
machines,  as  distinguished  from  another  class  of  alternating- 
current  motors  which  always  run  under  the  synchronous  speed, 
and  are  therefore  termed  asynchronous  machines,  or  more  usually 
induction  motors.  A  description  of  the  principle  governing  the 
construction  of  this  latter  type'of  motor  will  be  found  at  the  end 
of  the  present  chapter. 

It  is  extremely  inconvenient  and  requires  considerable  power 
to  start  a  large  machine,  whence  any  device  to  facilitate  this  is 
very  welcome.  Perhaps  the  most  practical  method  yet  devised  is 
that  due  to  Mr.  Mordey,  who  employs  for  the  purpose  the  small 
machine  used  to  excite  the  field-magnets.  This,  as  seen,  for 
example  in  fig.  165,  is  coupled  direct  to  the  main  shaft,  and,  by 
means  of  a  suitable  switching  arrangement,  its  current  is  at  times 
made  to  pass  through  and  charge  a  small  secondary  battery. 
When  the  machine  is  to  be  started  the  current  from  the  battery 
is  passed  through  the  exciter  for  a  minute  or  two,  converting 
it  into  a  motor  which  puts  the  alternate-current  machine  into 
rotation.  As  soon  as  synchronism  between  the  alternate-current 
motor  and  the  generator  is  obtained,  the  former  is  switched  into 
circuit  and  continues  to  run  as  a  motor. 
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From  these  motor  properties  of  an  alternator  results  the  very 
important  fact  that  two  independently  driven  alternating  generators 
can  be  run  in  parallel — that  is  to  say,  their  armatures  can  be  con- 
nected in  parallel  so  that  the  two  machines  can  jointly  supply 
power  to  the  external  circuit.  It  is,  however,  essential  that  the 
two  machines  shall  give  the  same  rate  of  alternation,  and  also 
run  co-phasally— that  is  to  say,  the  maximum  positive  electro- 
motive force,  and  also  the  maximum  negative  electro-motive  force, 
of  the  two  machines  must  coincide  in  point  of  time.  Then 
the  resultant  E.M.F.  is  the  same  as  that  of  one,  while  the  current 
in  the  main  circuit  and  also  the  power  developed  will  be  doubled. 
Now  the  remarkable  fact  is,  that  the  two  machines  will  make  great 
efforts  to  keep  in  phase,  and  will  do  so,  even  if  the  mechanical 
power  supplied  to  one  of  them  is  increased  or  diminished  within 
reasonable  limits.  To  explain  this  extremely  important  mutual 
action  we  may  remember  that  the  reaction  between  the  armature 
and  field-magnets  of  a  direct- current  dynamo  when  used  as  a 
generator  is  such  as  to  tend  to  stop  the  rotation,  and  this 
tendency  becomes  stronger  as  the  current  in  the  armature 
increases,  while  a  weakening  of  the  current  of  course  reduces 
the  resistance  to  rotation.  The  speed  of  a  dynamo  might 
therefore  be  diminished  to  a  certain  extent  by  increasing  the 
current  flowing  through  the  armature  by  some  external  means ; 
while  by  inserting  an  opposing  e.m.f.  in  circuit,  and  reducing 
the  current,  the  speed  could  be  increased ;  and  this  variation  in 
speed  actually  does  take  place  in  practice  unless  the  engine  is 
controlled  by  a  really  good  governor.  Further,  if  the  opposing 
e.m.f.  exceeded  that  developed  by  the  machine,  the  current 
through  the  armature  would  be  reversed,  and  the  machine  would 
run  as  a  motor. 

Now,  these  effects  can  also  be  obtained  with  an  alternate-cur- 
rent dynamo— that  is  to  say,  if  the  brief  currents  generated  by  it 
are  increased  in  strength,  the  tendency  will  be  for  the  machine  to 
slow  down,  while  if  an  opposing  alternating  e.m.f.  acts  in  such  a 
manner  as  to  reduce  these  currents,  the  machine  will  quicken  its 
speed ;  and  it  will  run  as  a  motor,  doing  work  for  the  moment  on 
the  prime  mover,  if  the  opposing  e.m.f.  is  sufficient  to  determine 
a  current  in  the  reverse  direction. 


552  Electrical  Engineering  chap. 

Now  when   two  alternators  are  driven   independently,  and 
coupled  in  parallel,  and  one  begins  to  lag  behind  the  other,  the 
maximum  e.m.f.  of  the  leading  machine  occurs  a  moment  earlier 
than  that  of  the  other,  and  consequently  a  heavy  current  flows 
from  the  leading  to  the  lagging  machine  for  a  very  brief  interval  of 
time.     This  current,  being  opposite  in  direction  to  that  which  is 
then  being  generated  by  the  lagging  machine,  tends  to  drive  it  as 
a  motor  and  to  accelerate  its  speed  ;  or  if  the  difference  of  e.m.f. 
is  not  sufficient  to  set  up  a  reverse  current,  it  weakens  the  existing 
one,  with  the  effect  of  allowing  the  lagging  machine  to  catch  up, 
as  already  explained.     On  the   other  hand,  the  later  occurring 
e.m.f.  of  the  lagging  machine  will  tend  to  increase  the  current  in  the 
leading  one  and  consequently  to  pull  it  up.     These  reactions  will 
commence  immediately  the  alternators  tend  to  get  out  of  phase,  and 
in  well-designed  machines  the  effect  is  so  prompt  and  forcible  that 
they  run  together  perfectly,  in  spite  of  inequalities  in  the  driving. 
It  becomes  very  important,  therefore,  to  decide  what  qualities 
and  peculiarities  a  machine  should  possess  to  fit  it  for  parallel 
working.     It  was  for  some  time  supposed  that  it  was  absolutely 
necessary  for  such  a  machine  to  have  considerable  self-induction, 
but  even  then   the   performance  was  admitted  to  be  somewhat 
difficult  and  uncertain.     Consequently,  an  armature  without  an 
iron  core,  and  with   few  convolutions,  was  deemed  to   be  un- 
desirable ;  but  these  views  have  been  somewhat  shaken,  and,  to 
a  great   extent,  entirely   reversed,    by   the   experiments  of  Mr. 
Mordey,  who  started  with  the  assumption  that  since  the  mainten- 
ance of  synchronism  depends  upon  the  motor  properties  of  the 
two  alternators,  the  machine  best  fitted  for  parallel  working  must 
be  one  which  possesses  these  properties  to  a  high  degree. 

Consequently,  the  armature  should  have  little  resistance,  and 
very  little  self-induction,  and  then  the  transfer  of  power,  by  means 
of  brief  currents  from  one  machine  to  the  other,  which  serves  to 
hasten  or  retard,  as  required,  takes  place  much  more  suddenly,  and 
the  regulating  action  is  much  more  prompt  and  forcible.  Of 
course,  the  armature  will  have  some  self-induction  and  some 
resistance,  but  it  is  satisfactory  to  know  that  neither  of  these 
undesirable  factors  need  be  made  abnormally  high,  merely  for 
the  sake  of  rendering  parallel  working  practicable. 
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Almost  all  alternators  of  modern  construction  will  run  satis- 
factorily in  parallel,  but  it  may  be  noticed  that  massive  rotating 
parts  assist  in  rendering  a  machine  suitable  for  this  class  of  work. 
In  any  such  machine  a  considerable  amount  of  mechanical  inertia 
tends  to  prevent  any  decided  variations  of  speed  with  the  stroke 
of  the  engine,  and  it  is  also  evident  that  a  fairly  high  speed 
engine,  or,  at  any  rate,  one  in  which  the  impulses  on  the  crank- 
shaft are  frequent,  is  best  suited  for  driving  alternators  which  are 
run  in  parallel. 

Although  there  can  be  little  doubt  that,  in  the  hands  of  an 
experienced  staff,  an  alternator  having  an  armature  whose  resistance 
and  self-induction  are  low  is  the  most  suitable  for  parallel  working, 
it  must  be  noted  that  a  source  of  danger  results  from  these  low 
values.  For  example,  should  the  field-magnet  circuit  of  any  one 
machine  be  accidentally  broken  while  that  machine  is  feeding  a 
circuit  in  parallel  with  other  machines,  the  faulty  machine  cannot 
then  be  driven  as  a  motor,  and  so  set  up  a  counter  e.m.f.  to  pre- 
vent the  passage  of  a  heavy  current ;  but  the  high  pressure  between 
the  mains  to  which  it  is  connected  will  immediately  urge  a  heavy 
current  through  its  armature.  So  suddenly  does  the  current  rise 
under  such  conditions  that  it  becomes  difficult  to  protect  the 
armature  without  using  a  special  safety  device,  and  there  is  a  con- 
siderable risk  not  only  of  burning  up  the  armature  of  the  faulty 
machine,  but  also  of  seriously  injuring  those  of  the  other  machines 
feeding  the  mains.  It  is  comparatively  easy  to  protect  an  armature 
having  considerable  self-induction,  as  any  ordinary  fuse  will  act 
before  the  current  can  rise  to  a  dangerous  value  in  opposition  to 
the  self-induction. 

In  order  that  two  or  more  machines  may  be  run  satisfactorily 
in  parallel,  it  is  preferable,  although  not  absolutely  necessary,  that 
they  should  be  of  the  same  type,  but  in  any  case  it  is,  of  course, 
essential  that  they  should  run  at  the  same  rate  of  alternation 
and  develop  the  same  e.m.f.  after  they  have  been  switched 
on  to  feed  the  main  circuit.  The  operation  of  joining  in 
circuit  a  second  alternator  in  parallel  with  another  already 
feeding  the  circuit,  is  an  important  one,  the  objects  to  be  aimed 
at  being  to  switch  the  second  machine  in  circuit  exactly  at  the 
moment  when  it  is  in  step  with  the   other   machine  already  in 
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circuit,  and  to  ensure  that  the  incoming  machine  shall  at  once 
begin  to  take  up  its  share  of  the  load  without  causing  any  per- 
ceptible variation  in  the  pressure  on  the  mains.  A  device  for 
indicating  when  the  two  alternators  are  exactly  in  step  or  running 
synchronously  is  called  a  synchroniser,  and  the  principle  upon 
which  the  simplest  and  most  effective  type  of  synchroniser  is  based 
may  be  gathered  from  fig.  273,  which  refers  to  a  single-phase 
machine  ;  the  same  method  may,  however,  be  employed  for  three- 
phase  machines  by  using  two  of  the  mains  of  each  machine.  The 
alternator  a  which  is  already  feeding  the  main  circuit  is  shown 
connected  up  by  means  of  the  double  pole-switch,  s,  (that  is  to 
say,  a  switch  capable  of  joining  up  or  disconnecting  both  leads 
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simultaneously),  to  the  omnibus  bars  on  the  main  switch-board. 
This  alternator  is  likewise  connected  to  the  primary  coil  of  a 
transformer,  t{  (see  Chapter  XIII.),  the  secondary  coil  of  the 
transformer  being  joined  in  series  with  an  incandescent  lamp  l, 
and  the  secondary  coil  of  another  transformer,  t2  whose  primary 
coil  is  connected  up  to  the  second  alternator  b,  which  it  is  now 
desired  to  join  up  to  the  omnibus  bars. 

It  will  thus  be  seen  that  the  e.m.f.  developed  at  any  instant  in 
the  secondary  coil  of  one  transformer  may  be  acting  either  in  the 
same  direction  round  the  lamp  circuit  as  the  e.m.f.  in  the  secondary 
coil  of  the  other  transformer,  or  it  may  be  acting  in  opposition 
thereto.  In  the  former  case  the  lamp  will  give  out  a  bright  light, 
and  in  the  latter  case  it  will  remain  unaffected.     The  connections 
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can  therefore  be  so  made  that  when  the  two  alternators  are  exactly 
in  synchronism — that  is  to  say,  when  the  potential  at  c  is  at  every 
instant  exactly  the  same  as  that  at  d — the  two  secondary  coils  will 
act  together  in  series  and  the  lamp  will  glow  brightly. 

In  such  a  case,  the  connections  being  made  as  shown  in  the 
figure,  the  second  alternator  b  can  be  steadily  driven  up  to  the 
required  speed,  the  switch  s2  being  kept  'open'  in  order  to  dis- 
connect the  machine  from  the  main  circuit.  While  the  speed  is 
still  low  the  lamp  will  alternate  rapidly  between  brightness  and 
darkness,  because  during  frequently  recurring  but  very  brief 
intervals  the  e.m.f.'s  in  the  two  secondary  coils  will  be  alternately 
acting  together  and  in  opposition.  As  the  speeds  become  more 
nearly  equal,  these  periods  of  darkness  and  light  are  lengthened, 
and  when  the  speeds  are  practically  the  same  the  lamp  will  remain 
bright,  showing  that  the  two  machines  are  absolutely  in  step.  As, 
however,  there  is  no  mutual  regulating  effort  yet  brought  into  play 
the  machines  will  not  remain  absolutely  in  step  for  any  length 
of  time,  and  in  practice  the  operator  simply  waits  until  the  lamp 
remains  bright  for  a  few  seconds  at  a  time  and  then  closes  the 
switch  s2  at  about  the  middle  of  a  bright  period.  By  regulating 
the  admission  of  steam  to  the  engine,  and  also  if  necessary  the 
exciting  current,  the  in-coming  machine  may  be  made  to  take  up 
its  share  of  the  load,  as  will  be  indicated  by  the  ammeters  placed 
in  circuit  with  each  machine,  and  the  two  machines  continually 
keep  each  other  in  step  as  has  already  been  described.  It  is 
evident  that  this  method  of  determining  when  synchronism  has 
been  attained  may  be  varied  considerably  in  details :  for  example, 
if  the  armature  is  a  stationary  one,  the  primary  coil  of  each  trans- 
former may  be  fed  from  one  coil  only  of  the  armature  instead  of 
being  supplied  with  the  full  pressure,  and  further,  the  connections 
to  the  transformers  may  so  be  made  that  the  lamp  is  dark  instead 
of  bright  when  the  alternators  are  synchronous  and  co-phasal.  It 
is,  however,  preferable  to  make  the  connections  so  that  the  in- 
coming machine  may  be  connected  up  when  the  lamp  is  at  the 
point  of  maximum  brilliance. 

If  the  machines  have  considerable  self-induction,  and  if  the 
armature  reaction  is  great,  it  frequently  happens  that  the  pressure 
on  the  main  circuit  drops  appreciably,  although  the  voltage  of  the 
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in-coming  machine  may  have  been  brought  up  to  the  full  value 
before  it  was  switched  in.     This  result  is  chiefly  due  to  the  heavy 
reaction  of  the  armature  on  the  field,  the  immediate  effect  being 
to  weaken  the  field  and  thereby  reduce  the  voltage  of  the  machine 
directly  it  begins  to  take  up  a  load.     One  way  of  avoiding  this 
difficulty  is  to  place  a  choking  coil  with  great  self-induction  in 
circuit  between  the  in-coming  alternator  and  the  mains.     This  coil 
has  sufficient  self-induction  to  prevent  the  machine  developing  an 
appreciable'  current,  and  it  is  adjustable  so  that  its  self-induction 
may  be  gradually  lowered  from  a  maximum  down  to  zero  as  the 
machine  takes  up  its  share  of  the  load.     A  second  method  con- 
sists in  running  the   in-coming   machine  on  a  temporary  load 
approximately  equal  to  that  which  it  is  required  to  take  up  before 
switching  the  machine  in  circuit.     As  the  armature  reaction  then 
has  full   play,   the   field   can   be    excited    up  to  the  requisite 
strength,  but  machines  which  require  such  treatment  cannot  be 
considered  satisfactory.     A  well-designed  machine  with  but  little 
self-induction  and  with  little  armature  reaction  can  be  switched  in 
directly  its  voltmeter  shows  that   the  required  e.m.f.  has  been 
attained,  and  the  synchroniser  indicates  that  it  is  in  phase,  with- 
out any  prejudicial  effect  on  the  main  circuit. 

We  have  explained  that  although  an  ordinary  single  or  three- 
phase  alternator  can  be  used  as  a  motor,  it  can  only  be  so  em- 
ployed in  a  few  special  cases  because  it  must  first  be  started  by 
some  independent  means,  and  it  will  then  only  run  at  one  definite 
speed,  as  determined  by  the  frequency  of  the  supply  current,  and 
the  number  of  the  poles  in  its  own  field-magnet.  Satisfactory 
alternating-current  motors  have,  however,  been  constructed  by 
proceeding  on  entirely  different  lines. 

The  machines  to  which  we  refer  are  termed  '  Induction 
Motors/  because  the  current  or  currents  supplied  from  the 
external  source  are  led  through  the  stator  (i.e.  the  fixed  part)  only, 
and  the  rotor  is  not  connected  in  any  way  to  the  supply  circuit, 
but  the  currents  therein  necessary  to  cause  rotation  are  induced 
by  the  varying  field  set  up  by  the  alternating  currents  in  the 
stator. 

Although  the  positions  might  be  reversed,  the  stator  is  almost 
universally  chosen  for  the  winding  which  is  to  be  connected  to 
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the  mains,  because  it  is  so  much  easier  to  supply  current  from  an 
external  source  to  a  fixed  part  than  to  a  moving  part  of  the  machine, 
and  the  currents  in  the  armature  or  rotor  being  induced  as  men- 
tioned above,  there  is  no  need  to  provide  sliding  contacts,  because 
these  induced  currents  merely  circulate  in  the  rotor  windings. 
We  must  now  consider  how  it  is  possible  to  induce  these  currents 

Fig.  274 
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in  the  rotor  in  such  a  manner  that  a  continuous  turning  effect  is 
produced  by  the  interaction  between  the  rotor  currents  and  the 
field  which  causes  them.  It  may  be  stated  at  once  that  if  the 
inducing  current  is  a  simple,  single-phase  one,  it  is  not  possible 
to  start  such  a  motor  to  run  by  means  of  the  currents  induced  in 
the  rotor  ;  because  the  field  produced  simply  oscillates  in  direc- 
tion along  one  line.     If,  however,  the  rotor  has  been  run  up  to 
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synchronous  speed  by  means  of  some  auxiliary  device,  and  the 
stator  winding  be  then  connected  to  a  single-phase  supply,  it  is  a 
remarkable  fact  that  the  machine  will  continue  to  run,  even  when 
a  considerable  load  is  placed  on  the  shaft,  and  such  machines  are 
frequently  built. 

We  have  already  seen  how  two  and  three  phase  currents  may 
be  produced,  and  have  indicated  that  they  have  a  very  important 
application  in  practice,  viz.   the   production  of  a  rotating  field. 
We  now  proceed  to  consider  this  application,  and  the  student 
would  do  well  to  read  pages  316-319  again  before  proceeding 
further.     Suppose  we  have  at  our  disposal  a  two-phase  current;  and 
in  the  first  instance  we  will  assume  that  the  currents  are  collected 
from  four  slip-rings — that  is  to  say,  the  two  circuits  are  indepen- 
dent.    Further,  suppose  that  these  currents  are  led  respectively 
into  two  coils  of  wire,  which  are  shown  in  their  simplest  form  in 
fig.  274,  in  which  a  a  represent  in  section  a  single  coil  or  loop  of 
wire  placed  horizontally,  and  b  b  a  similar  coil  fixed  at  right  angles 
thereto.     A  current  passing  through  the  coil  a  will  produce  a  field 
in  the  vertical  direction,  as  represented  by  the  arrowheads  p  q, 
while  a  similar  current  in  the  coil  b  will  set  up  a  field  at  right 
angles  thereto  as  indicated  by  r  s.     Now  what  we  have  to  con- 
sider is  the  strength  and  direction  of  the  resultant  field  produced 
by  these  two  coils,  which  will,  of  course,  be  determined  by  the 
relative  values  of  the  respective  currents  in  the  two  coils  at  any 
instant,  as  indicated  in  fig.  275,  which  shows  the  relative  value  at 
any  instant  of  two  alternating   currents   equal   as  regards  their 
frequency  and  maximum  values,  but  differing  in  phase  by  one 
quarter  of  a  period,  that  is  by  900.     For  example,  when  a  is  at  its 
maximum,  and  b  at  zero,  the  field  due  to  a  may  be  represented  in 
strength  and  direction  by  the  line  o  c,  and  this  is  the  resultant  field, 
since  the  current  in  b  is  then  zero  ;  45 °  later,  as  indicated  at  k,  in 
fig.  275,  the  two  currents  are  equal.     Let  o  E,  in  fig.  274,  drawn 
to  the  same  scale  as  o  c,  represent  the  field  due  to  a,  then  the 
equal  line  o  d  will  represent  the  field  produced  by  b.     Complete 
the  parallelogram  and  we  obtain  the  line  o  f,  which  represents  the 
strength  and  direction    of    the  resultant    field  at   this   instant. 
Similarly,  we  can  find  the  line  o  g,  which  represents  the  resultant 
field  450  later  still,  when  b  is  at  its  maximum,  and  a  at  zero. 
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It  will  thus  be  seen  that  the  resultant  field  has  rotated  900  from 
the  direction  o  c  to  the  direction  o  g  during  a  quarter  period ; 
and  by  proceeding  further  we  should  find  that  the  resultant 
field  remains  constant  in  magnitude  and  rotates  uniformly  about 
the  point  o,  making  a  complete  revolution  for  every  complete 
alternation  of  the  currents  in  the  stator  coils,  o  h,  for  example, 
corresponds  to  the  point  m  in  fig.  275. 

It  now  remains  to  be  seen  how  such  a  rotating  field  can 
induce  currents  in  the  closed  coils  of  the  rotor,  always  in  such  a 
manner  that  a  continual  turning  effect  is  produced.  Fig.  276 
shows  the  a  and  b  coils  embedded  in  iron  to  form  the  stator ; 

Fig.  «75 


the  rotor  consisting  of  a  number  of  conductors  embedded  in  slots 
round  the  periphery  of  a  laminated-iron  drum,  all  these  conductors 
being  connected  together  by  a  conducting  ring  at  each  end,  the 
construction  thus  being  similar  to  that  of  a  squirrel  cage. 

Supposing  the  rotor  to  be  at  rest,  it  is  evident  that  the 
resultant  field  (as  indicated  at  one  moment  by  the  line  o  f)  is 
cutting  these  conductors  at  right  angles  as  it  rotates.  The  currents 
induced  thereby  in  the  rotor  conductors  follow  the  universal  law : 
that  is  to  say,  they  are  in  such  a  direction  that  they  strive  to  stop  the 
motion  of  that  which  moves— in  this  case  the  resultant  field.  The 
field,  however,  continues  to  rotate,  and  consequently  the  result  is 
a  pull  on  the.  rotor,  which,  being  free  to  rotate,  is  pulled  round  in 
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the  direction  that  the  field  revolves.  Now  immediately  the  rotor 
begins  to  follow  the  field,  the  rate  at  which  its  conductors  are 
cut  by  the  field  is  reduced,  and  consequently  the  currents 
induced  in  the  rotor  coils  are  decreased  in  strength,  thus  reducing 
the  pull,  and  this  reduction  becomes  greater  as  the  speed  of  the 
rotor  is  increased.     At  first  sight,  therefore,  it  would  appear  that 
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such  an  induction  motor  has  the  valuable  property  that  the  torque 
or  turning  effort  is  greatest  at  the  moment  of  starting,  and  that 
the  torque  is  increased  whenever  the  rotor  speed  is  reduced  by 
increasing  the  load.  This,  however,  is  not  the  case,  as  will 
presently  be  seen.  It  is  manifest  that  the  rotor  must  always  rotate 
at  a  speed  somewhat  less  than  that  of  the  field  ;  if  the  speeds  were 
equal  the  rotor  conductors  would  not  be  cut  by  the  field,  and 
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no  current  would  be  induced.  The  difference  in  speed  of  the 
rotating  field  and  the  rotor  conductors  is  termed  the  slip,  and 
is  usually  expressed  as  a  percentage  of  the  speed  of  the  field. 
Thus  if  the  field  rotates  at  the  rate  of  nx  revolutions  per  second, 
and  the  rotor  makes  *a  revolutions  per  second,  the  slip  will  be 

n}  ~~  *?  x  100  per  cent.    When  the  machine  is  at  rest  the  slip  of 

the  rotor  is  100  per  cent.,  and  when  running  at  synchronous  speed 
the  slip  is  zero.  In  practice  it  is  found  that  the  slip  of  a  large 
induction  motor  is  about  2  or  3  per  cent,  when  the  machine  is 
working  at  full  load  ;  but  the  slip  is  greater  in  the  case  of  smaller 
machines,  being  about  10  per  cent,  for  a  one-horse-power  motor. 

It  is  evident  that  in  order  to  obtain  an  efficient  machine  the 
resistance  of  the  rotor  conductors  must  be  kept  very  low.  The 
result  of  this,  however,  is  that  when  the  rotor  is  stationary 
enormous  currents  are  induced  therein  ;  in  fact,  the  machine  then 
acts  simply  as  a  transformer,  with  its  secondary  coil  short-circuited, 
and,  as  the  student  will  learn  from  Chapter  XIII.,  the  heavy 
secondary  currents  react  on  the  primary  circuit — that  is,  the 
stator  or  field  coils — in  such  a  way  as  to  reduce  their  effective  self 
induction.  In  other  words,  the  counter  e.m.f.  of  the  field  coils  is 
considerably  reduced,  with  the  result  that  the  impressed  e.m.f. 
can  send  through  them  a  current  very  much  above  the  normal 
strength.  A  serious  reduction  of  the  pressure  in  the  mains  might 
thus  be  caused  by  starting  a  motor.  Further,  as  we  have  just 
mentioned,  since  the  rotor  conductors  are  comparatively  short  and 
massive,  and  as  their  ends  are  connected  together  (generally  by 
massive  copper  rings  in  the  squirrel-cage  formation  already  referred 
to),  their  resistance  is  extremely  low  ;  moreover,  since  they  are 
embedded  in  iron,  the  self-induction,  as  compared  with  the  resist- 
ance, is  relatively  enormous,  so  great  in  fact  that  the  maximum 
value  of  the  induced  currents  and  their  phase  will  be  determined 
almost  entirely  by  the  self-induction  and  not  by  the  resistance. 
This  is  especially  the  case  at  starting,  because  then  the  frequency 
of  the  induced  currents  is  at  its  maximum,  being  equal  to  the 
frequency  of  the  supply  current.  As  the  rotor  increases  in  speed 
the  frequency  of  the  induced  current  becomes  less,  and  then  the 
self-induction  effect  becomes  of  less  and  less  importance. 
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It  is  shown  in  Chapter  XIII.  that  the  effect  of  self-induction  is 
not  only  to  reduce  the  value  of  the  current  strength,  but  also  to 
retard  it  or  throw  the  current  out  of  phase  with  the  e.m.f.  In  the 
case  of  the  rotor  coils  under  consideration  the  e.m.f.  is  caused  by, 
and  is  in  synchronism  with,  the  rotating  resultant  field,  and  if  the 
rotor  current  lags  behind  the  induced  K.M.F.,  it  lags  similarly  behind 
the  rotating  field,  with  the  result  that  the  torque  is  correspondingly 
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reduced.  It  is  therefore  useless  to  obtain  very  heavy  currents  in 
the  rotor  if  they  are  out  of  phase  with  the  resultant  field,  and  this  it 
will  be  seen  happens  when  the  rotor  is  at  rest  This  difficulty  at 
starting  can  be  overcome  by  increasing  the  resistance  of  the  rotor 
winding,  thus  reducing  the  relative  value  of  the  self-induction  as 
compared  with  the  resistance.  In  small  machines  this  is  some- 
times effected  by  connecting  the  rotor  conductors  by  means  of 
rings  of  German  silver  or  some  other  alloy  instead  of  copper,  and 
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it  is  unnecessary  to  point  out  that  the  efficiency  of  the  machine  is 
thereby  somewhat  reduced.  In  larger  machines  this  method  of 
procedure  is  impracticable,  and  it  is  found  necessary  at  starting 
to  temporarily  insert  resistance  in  series  with  the  rotor  windings, 
cutting  this  resistance  out  as  the  speed  rises.  When  this  is  done 
the  simple  squirrel-cage  method  of  winding  has  to  be  abandoned, 
the  rotor  then  being  wound  on  the  drum  principle  in  several 
sections,  generally  three.  To  enable  the  resistance  to  be  inserted 
or  cut  out  of  circuit,  as  may  be  desired,  it  is  necessary  to  connect 
the  ends  of  the  rotor  sections  to  contact  rings  fixed  on  the  shaft, 
connection  being  made  with  these  rings  by  means  of  brushes  in 
the  usual  way.     The  exact  method  of  introducing  this  resistance 


Fig.  278 


i<ft    aft    30%  40%   aft   eft   70%  ao%   afe  Kaft 
SLIP     — > 


is  illustrated  in  fig.  277.  This  diagram  is  explained  in  connection 
with  a  three-phase  motor,  but  precisely  the  same  winding  is  as 
a  rule  adopted  for  two-phase  motors. 

A  reference  to  fig.  278  will  show  what  effect  the  variation  of 
the  resistance  in  the  rotor  has  on  the  turning  moment  when  the 
machine  is  starting  up.  In  this  figure  the  turning  moment  is 
plotted  along  the  vertical  line  o  y,  and  the  slip  along  the 
horizontal  line  o  x.  Thus  the  point  x  corresponds  to  100  per 
cent,  slip— that  is  to  say,  the  rotor  at  rest,  and  the  point  o  corre- 
sponds to  synchronous  speed.  The  curve  a  shows  the  relation- 
ship of  the  turning  moment  and  the  slip  when  the  resistance  in  the 
rotor  circuit  is  large ;  the  curve  b  is  drawn  for  a  smaller  resistance, 

002 
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and  curve  c  corresponds  to  normal  working  conditions  in  which 
the  only  resistance  in  circuit  is  that  of  the  conductors  themselves. 
It  is  to  be  noticed  that  in  the  case  of  curve  a  the  maximum 
turning  moment  occurs  when  the  machine  is  at  rest,  and  this 
enables  the  motor  to  start  up  with  a  good  torque.     After  reaching 
a  certain  speed  some  resistance  is  cut  out  of  circuit    and  the 
conditions  are  represented  by  curve  b  in  which  the  maximum 
turning  moment  occurs  at  about  half  the  synchronous  speed  and 
the   motor  continues  to  accelerate   its  speed.     Finally,  all  the 
resistance    is    short-circuited    and    the    speed  reaches  a    value 
depending  on  the  extent  of  the  load.     If  the  motor  is  loaded  to 
such  an  extent  that  the   turning  moment  required  to  drive  it 
exceeds  the   maximum   turning  moment  which  the  machine   is 
capable  of  exerting  as   shown  by  the  line  a  It,  it  will  rapidly 
come  to  a  standstill.     Usually  an  induction  motor  can  exert  a 
turning   moment  about   50   per  cent,  higher  than   the   norma] 
turning  moment  for  which  it  has  been  designed.     In  the  case  of 
squirrel-cage   rotors   the  above   method   of    starting  cannot,   of 
course,  be  used,  but  in  this  case   it  is   possible  to  prevent  an 
excessive  rush  of  current  and  to  obtain  a  good  turning  moment 
by  inserting  resistance  in  the  stator  winding.     Induction  motors 
have  the  great  advantage  that  they  are  extremely  strong  and  will 
stand  rough  usage,  whilst  their  simplicity  of  construction  renders 
them  less  liable  to  breakdown  than,  for  instance,  a  continuous- 
current  machine,  where  the  commutator  is  in  many  cases  a  weak 
point.     Moreover,  since  squirrel-cage  induction-motors  have  no 
moving  contacts   they   can   be   completely   enclosed   and   made 
weather-proof,   and,   if  necessary,   even   air-tight   also,  which   is 
sometimes  a  very  desirable  feature. 

The  two  sets  of  stator  windings  necessary  for  a  two-phase  motor 
are  generally  kept  quite  distinct,  two  pairs  of  main  leads  being 
employed.  In  some  cases,  however,  one  end  of  each  winding  is 
connected  to  a  common  return  wire,  thus  reducing  the  number  of 
mains  to  three,  with  a  consequent  slight  saving  of  copper  in  the 
main  leads.  The  current  in  the  third  or  return  wire  is  at  any 
instant  equal  to  the  algebraic  sum  of  the  currents  in  the  other 
two  wires,  and  may  be  deduced  from  the  curves  in  fig.  275. 
The  amplitude  of  the  current  in  the  return  wire  measured  in 
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amperes  is,  as  a  matter  of  fact,  equal  to  the  amplitude  of  the 
current  in  either  of  the  other  two  conductors  multiplied  by  y/2. 

The  general  principles  underlying  three-phase  motors  are 
similar  to  those  already  explained  for  two-phase  machines.  It  is 
necessary  for  the  generator  to  produce  three  distinct  alternating 
currents  differing  in  phase  by  1200  as  shown  in  fig.  154,  and  a 
brief  study  of  these  curves  has  already  been  given  (Chapter  VIIL). 


If  the  stator  coils  are  symmetrically  placed  it  may  be  shown  that 
the  three-phase  current  will  also  produce  a  rotating  resultant  field 
similar  to  that  set  up  in  a  two-phase  machine.  In  fig.  279  the 
three  sets  of  coils  are  indicated  by  sections  of  single  loops  of  wire 
at  a  a,  b  b,  and  c  c,  symmetrically  placed  round  a  circle.  The 
field  set  up  by  each  loop  alone  would  be  at  right  angles  to  the 
plane  of  that  loop,  and  the  positive  direction  can  be  represented 
by  the  lines  o  a,  o  b>  and  o  c  respectively.     We  have  now  to 
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• 
consider  how  the  resultant  field  varies  when  the  currents  in  the 

coils  vary  as  indicated  in  fig.  154.    For  example,  when  the  current 

in  a  is  at  its  maximum  and  positive,  and  b  and  c  are  both  negative 

and  equal,  as  shown  at  f  in  fig.  1 54,  then  the  resultant  field  is 

represented  by  o  f  in  fig.  279.     o  c{  represents  in  magnitude  and 

direction  the  field  due  to  c  at  this  instant,  and  o  a,  that  due  to  a. 

By  combining  these  we  get  the  resultant  o  m ;  o  bx  represents  the 

field  due  to  b,  and  by  combining  this  with  o  m  we  obtain  the 

resultant  of  the  three  fields,  viz.  o  f.     900  later,  as  shown  at  k  in 

fig.  154,  a  is  at  zero,  and  we  then  get  the  resultant  field  by  simply 

combining  the  fields  due  to  b  and  c,  which  are  equal  in  strength, 

although  the  currents  are  opposite  in  direction.     The  fields  will 

not  be  opposite  in  direction  because  the  coils  are  fixed  in  different 

planes.    The  field  due  to  b  is  now  represented  by  o  b^  and  that 

due  to  c,  which  is  now  in  the  negative  direction,  by  o  r2,  and 

by  combining  the  two,  by  means  of  the  parallelogram  of  forces 

as  before,  we  obtain  the  resultant  o  k.    Similarly  o  l,  corresponding 

to  the  point  marked  l  in  fig.  154,  maybe  found,  and  the  student 

will  find  by  the  same  methods  that  the  resultant  field  always  has 

the  same  numerical  value,  but  rotates  uniformly  about  the  centre  o, 

in  a  left-handed  direction  as  indicated   by  the  curved  arrow. 

Moreover,  it  will  be  found  that  the  magnitude  of  this  resultant 

field  is  1  *5  times  as  large  as  the  maximum  value  of  any  of  the 

three  component  fields ;  o  f,  for  example,  being  1  '5  times  o  a^ 

This  rotating  resultant  field  will  cut  the  rotor  conductors, 
inducing  currents  therein  in  the  right  direction  to  cause  rotation, 
exactly  after  the  manner  described  for  the  two-phase  machine. 
For  the  purpose  of  introducing  resistance  at  starting,  one  end  of 
each  of  the  three  windings  on  the  rotor  is  connected  to  a  contact 
ring  on  the  shaft  (the  other  three  ends  being  connected  to  a 
common  junction,  as  already  explained).  Each  brush  is  con- 
nected to  the  free  end  of  one  of  the  three  resistance  coils,  the 
other  ends  thereof  being  connected  together. 

This  is  shown  in  fig.  277,  where  the  complete  three-phase 
rotor  winding  is  given  for  a  four-pole  machine.  It  must  be  under- 
stood that  the  points  a  b  c,  &c,  on  the  right-hand  side  are 
connected  directly  to  the  similarly  lettered  points  on  the  left- 
hand  side  to  form  the  complete  winding.     One  neutral  point  is 
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shown  at  N,  and  the  other  will  always  be  at  «,  which  is  the  three- 
armed  bar  forming  the  movable  switch  contact.  One  end  of  each 
rotor  winding  is  connected  to  its  proper  contact  ring,  a,  b,  or  c, 
fixed  on  the  shaft,  and  the  currents  are  taken  off  by  brushes  to  the 
three  sets  of  resistance  coils,  the  manner  in  which  the  resistance 
may  be  cut  out  being  clearly  shown  in  the  diagram,  where  half 
the  resistance  is  shown  in  circuit.  By  turning  the  switch  further 
to  the  right  the  whole  of  the  resistance  can  be  cut  out,  and  this 
would  be  the  normal  working  position  at  full  load. 

In  fig.  280  is  illustrated  a  '  squirrel  cage '  induction  motor  as 
constructed  by  the  British  Westinghouse  Company.      The  stator 
frame  consists  of  a  webbed  cast-iron  structure,  a,  which  supports 
the  stator  core  laminations,  b.    Two  cast-iron  rings,  c  c1,  clamp  the 
core  discs  together,  the  ring  c1  fitting  against  a  shoulder  on  the 
frame  seating,  and  the  ring  c  being  kept   in  position  by  keys 
at  regular  intervals.     A  layer  of  insulating  material  is  placed  over 
both  these  rings  in  order  to  prevent  the  stator  coils  from  coming 
into  contact  with  them.      The  bore   of  the  stator  is   7^  2   in., 
and   the  diameter  of  the   rotor  core  is  7JJ  in.,  thus  allowing 
only  1iJft  in.   for  the  clearance   between   the   stator  and  rotor 
surfaces.     It  is,  in  fact,  characteristic  of  induction  motors  that 
the  air-gap  is  extremely   small,   the   limit  being  determined  by 
mechanical  considerations  only.     The  rotor  core  discs  are  built 
upon  a  cast-iron  spider  and  secured  in  a  similar  manner  to  that 
employed  for  the   stator  discs.      The  end-plates,   s  s,   of  the 
machine  are  secured  by  four  bolts  to  the  frame,  and  the  bearings 
are  held  in  position  by  means  of  the  dowel-pins,  D  d.     Lubrica- 
tion is  effectively  performed  by  rings,  e,  which  dip  in  the  oil- 
baths,  the  oil  being  supplied  through  holes  which  are  protected 
by  the  covers  f  f.     Ventilation  of  the  various  parts  is  sufficieritly 
provided  for  by  the   perforations  in   the   end-plates  and   rotor 
spider. 

With  regard  to  the  winding  of  these  machines,  the  stator  of 
the  motor  shown  in  the  figure  can  be  wound  for  any  frequency 
for  either  two-  or  three-phase  currents,  and  for  any  pressure  up 
to  600  volts.  For  instance,  one  typical  winding  is  for  3  h.-p.  at 
a  supply  pressure  of  400  volts  and  three-phase  currents,  the  speed 
being  1400  revolutions  per  minute.     The  winding  would  be  so 
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carried   out  that  the   number  of  poles   would    for  the  desired 
frequency  correspond  to  this  speed.     Thus  if  the  stator   coils 
were  wound  so  that  the  sides  were  at  opposite  ends  of  a  diameter, 
the  winding  would  give  two  poles  in  the  stator,  and  for  three-phase 
currents  each  coil  must  be  displaced  on  the  periphery  by  1 200 
relatively  to  the  others.     This  would  then  correspond  to  a  fre- 
quency of  supply  of  2 3 '3  cycles  per  second.     The  winding  of  the 
stator  would,  for  the  rating  given  above,  be  distributed  in  forty- 
eight  slots  in  the  stator,  each   slot   having  forty-six  conductors. 
The  rotor  would  then  have  thirty-nine  slots  with  one  conductor 
per  slot,  the  ends  of  these  conductors  being  short-circuited    by 
the  copper  rings,  g  g,  as  in  the  usual  *  squirrel-cage '  arrangement 
It  is  to  be  noticed  that  the  construction  of  induction  motors  is 
extremely  simple  and  strong,  from  a  mechanical  point  of  view, 
and  they  can  therefore  withstand  a  great  deal  of  rough  usage. 
One  disadvantage  in  employing  this  type  of  motor  is  the  difficulty 
with  which  the  speed  may  be  regulated,  for  it  has  already  been 
pointed  out  that  the  speed  is  determined  (within  a  small  per- 
centage dependent  on  the  load)  by  the  frequency  of  the  supply 
current  and  the  number  of  poles  for  which  the  stator  is  wound. 
When  two  or  more  motors  are  employed  it  is  possible  to  reduce  the 
speed  to  a  definite  fraction  of  that  deduced  from  the  frequency  of 
supply  by  connecting  them  up  so  that  the  rotor  of  one  motor  feeds 
the  stator  of  the  next,  and  so  on ;  the  stator  of  the  first  motor 
being  fed  by  the  supply  mains,  and  the  rotor  of  the  last  being 
short-circuited.     This  method  can,  of  course,  only  be  adopted 
when  the  rotors  have  windings  which  are  connected  to  slip-rings 
and   not   short-circuited— that   is   to   say,   when   the   rotors  are 
'  wound/  as  distinguished  from  *  squirrel-cage,'  rotors. 
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CHAPTER  XIII 

TRANSFORMERS 

When  it  is  desired  to  convey  energy  to  a  distance  by  means  of 
electricity,  either  for  the  purpose  of  producing  light  or  mechanical 
motion,  the  chief  problem  to  be  faced  is,  how  to  reduce  to  a 
minimum  the  waste  of  energy  during  the  transmission.  We.  have 
seen  that  when  a  wire  is  used  to  convey  a  current,  the  rate  at 
which  energy  is  lost  in  that  wire  can  be  measured  by  multiplying 
together  the  current  strength  in  amperes  and  the  difference  of 
potential  between  the  ends  of  the  wire  in  volts,  the  result  being 
the  number  of  watts  so  expended.  And  since  the  potential 
difference  is  equal  to  the  product  of  the  resistance  of  the  wire  and 
the  current  flowing,  the  loss  in  watts  may  also  be  calculated  as  the 
product  of  the  resistance  and  the  square  of  the  current  strength. 
That  is  to  say,  in  the  first  place  the  power  expended  in  any  part 
of  a  circuit  is  proportional  to  the  resistance  of  that  part.  Sup- 
pose, for  example,  a  dynamo  were -employed  to  furnish  current  to 
a  number  of  lamps  arranged  in  parallel,  their  joint  resistance 
being  10  ohms  ;  then  if  the  resistance  of  the  machine  and  leads 
or  connecting  wires  were  also  10  ohms,  exactly  as  much  power 
would  be  wasted  as  would  be  usefully  expended  in  the  lamps, 
a  state  of  affairs  which  manifestly  could  not  be  tolerated.  If  the 
resistance  of  the  machine  and  leads  were  reduced  to  1  ohm,  then 
the  power  wasted  would  be  one-tenth  of  that  usefully  employed, 
and  so  on. 

The  resistance  of  the  combination  to  which  power  has  to  be 
supplied  is,  as  a  rule,  extremely  low  ;  and  when  the  lamps  or  motors 
are  joined  in  parallel,  the  current  carried  by  the  mains  is  equal  to 
the  sum  of  that  required  by  the  whole  of  the  lamps  or  motors. 
Consequently  the  resistance  of  these  mains  must  be  kept  extremely 
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low,  a  small  fraction  of  an  ohm,  in  fact,  otherwise  the  proportion 
which  the  power  wasted  bears  to  the  total  quantity  of  power 
developed  becomes  excessive.  To  keep  the  resistance  low,  copper 
of  high  conductivity  must  always  be  employed,  but  the  practical 
limit  as  regards  sectional  area  is  quickly  reached  on  account  of  the 
high  price  of  that  metal. 

Speaking  generally,  it  may  be  said  that  transmission  of  energy 
to  any  considerable  distance  by  electricity  is  not  economical,  if 
we  depend  upon  the  reduction  of  waste  merely  by  increasing  the 
conductivity  of  the  leads.     Again  stating  the  case  as  : 

Watts  lost  =  c2r, 

where  r  is  the  combined  resistance  of  the  leads  and  generator, 
we  see  that  the  only  other  way  out  of  the  difficulty  is  to  reduce 
the  current  strength.  If  this  can  be  done  the  advantage  is  very 
decided  ;  for,  by  halving  the  current,  the  power  wasted  in  any  por- 
tion of  the  circuit  is  reduced  to  one-fourth.  It  may  not,  however, 
be  evident  at  first  sight,  how  with  this  reduced  current  the  same 
amount  of  energy  can  be  transmitted  in  an  equal  time. 

Digressing  for  a  moment,  in  order  to  introduce  an  analogy,  the 
student  will  probably  be  aware  that  in  transmitting  power  mecha- 
nically to  a  distance  by  a  slowly  moving  cable  or  rope,  it  is  impera- 
tive that  the  cable  and  the  rest  of  the  moving  parts  shall  be  very 
strong  and  massive,  and  consequently  the  power  lost  by  friction,  &c, 
becomes  enormous.  Now  the  energy  transmitted  per  minute  is 
equal  to  the  pull  on  the  cable  in  pounds,  multiplied  by  the  distance 
in  feet  through  which  the  cable  moves  in  a  minute ;  so  that,  by  in- 
creasing the  velocity  of  the  cable,  the  pull  thereon  can  be  reduced, 
and  the  strength  and  size  of  the  cable  and  of  the  other  moving 
parts  can  be  correspondingly  diminished,  without  reducing  the 
amount  of  energy  transmitted  per  minute.  It  is,  in  fact,  possible 
to  transmit  enormous  power  by  means  of  a  light  wire  cable,  if  it 
travels  with  sufficient  rapidity;  and  the  loss  due  to  friction  is 
also  reduced  with  the  reduction  in  size  and  weight  of  the 
moving  parts.  Even  if  it  is  essential  for  the  power  so  transmitted 
to  be  taken  for  actual  use  from  a  slowly  rotating  shaft,  it  is  still 
economical  to  transmit  it  at  a  high  velocity,  and  effect  the  neces- 
sary reduction  in  speed  by  suitable  gearing. 
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Somewhat  similarly,  very  great  power  can  be  conveyed  electri- 
cally by  a  comparatively  small  current  traversing  a  thin  wire,  if 
only  the  electric  pressure  or  potential  difference  is  sufficiently  high  ; 
for  the  power  in  watts  may  be  calculated  as  the  product  of  these 
two  factors  (current  strength  and  potential  difference),  and  no 
difference  in  the  amount  is  made  by  reducing  one  of  them,  if  the 
other  is  increased  in  like  proportion. 

But  unfortunately  it  rarely  happens  that  electrical  power  can 
be  utilised  at  a  high  pressure ;  for  instance,  240  volts  is  usually 
the  maximum  pressure  required  by  a  set  of  incandescent  lamps 
joined  up  in  parallel,  and  consequently  it  becomes  necessary  to 
employ,  if  possible,  some  arrangement  which  shall  perform  the 
same  function  as  does  mechanical  gearing  in  reducing  speed. 
That  is  to  say,  we  require  some  apparatus  competent  to  receive 
electrical  power  in  the  form  of  a  small  current  at  a  high  potential 
difference,  and  again  give  out  that  power  in  the  form  of  a  heavy 
current,  and  at  a  correspondingly  lower  potential  difference. 

It  is  possible  to  construct  such  apparatus ;  and  before  pro- 
ceeding further  we  may  notice  the  two  chief  points  to  be  borne  in 
mind  in  designing  it : 

1.  The  proportions  of  the  parts  must  be  so  calculated  that 
the  reduction  is  effected  in  the  desired  ratio ;  or,  the  value  of  the 
resulting  potential  difference  must  be  the  required  fraction  of  that 
applied  to  the  apparatus. 

2.  The  loss  in  power  during  the  conversion  must  be  kept  as 
low  as  practicable — that  is  to  say,  the  design  must  be  such  that 
the  efficiency  of  the  apparatus  is  high. 

The  conversion  from  a  high  to  a  lower  potential  is  rendered 
possible  by  the  fact,  already  fully  explained,  that  by  starting  or 
stopping  a  current  in  a  circuit,  a  brief  current  can  be  induced  in 
a  neighbouring  wire.  The  circuit  in  which  the  original  current  is 
started  or  stopped  is  called  the  '  primary '  circuit,  while  that  in 
which  the  currents  are  induced  is  called  the  *  secondary '  circuit. 

For  example,  in  fig.  281,  where  two  coils  of  wire  are  shown 
one  placed  inside  the  other,  the  inner  coil  with  the  battery  b  and 
key  k  constitute  the  primary  circuit,  and  the  outer  coil  and 
galvanometer  g  the  secondary  circuit.  The  two  coils  are  electri- 
cally insulated  one  from  the  other,  yet  on  closing  the  key  and 
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starting  a  current  through  the  inner  coil,  a  momentary  current 
would  be  induced  in  the  outer  coil,  and  the  existence  of  this 
current  would  be  indicated  by  a  sudden  brief  deflection  of  the 
galvanometer  needle.  The  needle  would  then  return  to  zero, 
showing  that  the  current  in  the  outer  or  secondary  coil  had 
ceased,  although  the  primary  current  would  still  be  flowing  at  its 
full  strength,  and  we  know  that  this  cessation  of  the  secondary 
current  is  due  to  the  fact  that  the  lines  of  force  generated  by  the 
current  in  the  inner  coil  are  now  stationary,  and  therefore  produce 
no  effect  on  the  outer  coil  although  many  of  them  still  embrace 
the  convolutions  of  that  coil.  On  raising  the  key,  however,  and 
breaking  the  primary  circuit,  the  galvanometer  needle  would 
again  be  momentarily  deflected,  but  this  time  in  the  opposite 
direction,  and  the  momentary  current  causing  this  deflection  is 


generated  by  the  above-mentioned  lines  of  force,  which,  in  col- 
lapsing upon  the  primary  coil,  again  cut  the  convolutions  of  the 
secondary  coil,  but  in  the  opposite  direction. 

In  order  to  obtain  the  maximum  effect  for  a  given  primary 
current  it  is  necessary  to  ensure  that  the  secondary  coil  is  cut  by 
as  many  as  possible  of  the  lines  of  force  generated  by  the  primary 
coil.  The  best  method  of  attaining  this  desired  result  is  to 
provide  plenty  of  iron  in  the  vicinity  of  the  coils,  not  only  in  the 
form  of  a  straight  core  passing  through  both  coils,  but  so  disposed 
that  it  forms  a  closed  magnetic  circuit  entirely  embracing  both 
coils.  By  this  means  nearly  all  the  lines  of  force  generated  by 
the  primary  coil  may  be  made  to  embrace  the  secondary  coil. 
It  should  be  unnecessary  to  state  that  no  iron  must  be  placed 
between  the  two  coils  if  the  maximum  e.m.f.  is  desired  in  the 
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secondary  coil,  as  the  effect  of  this  would  be  to  magnetically  screen 
the  one  from  the  other  and  so  defeat  the  object  in  view.  As  a 
matter  of  fact,  an  apparatus  of  this  description  is  used  for  medical 
purposes,  and  the  e.m.f.  induced  in  the  secondary  coil  is  regulated 
by  inserting  an  iron  tube  between  the  coils,  and  thus  screening 
them  from  one  another  to  an  amount  depending  on  the  e.m.f. 
required. 

The  iron  must  be  laminated,  as  in  the  case  of  a  dynamo 
armature  core,  to  avoid  as  far  as  possible  the  generation  of  eddy 
currents  due  to  the  rapid  changes  in  the  number  and  direction  ot 
the  lines  of  force  projected  through  the  iron;  and  the  metal 
employed  must  also  have  a  low  coercive  force,  to  minimise  the 
loss  by  hysteresis.  Instead  of  a  primary  current  which  merely 
rises  and  falls  in  strength,  an  alternating  current,  such  as  that 
developed  by  any  one  of  the  alternators  described  in  Chapter  VIII., 
may  with  advantage  be  and  usually  is  employed. 

If  the  magnetic  circuit  be  a  good  one,  and  the  number  of 
convolutions  in  the  two  coils  equal,  then  by  sending  a  rapidly 
alternating  current  through  the  primary,  an  alternating  current 
of  about  the  same  strength  and  e.m.f.  might  be  obtained  in 
the  secondary  coil.  Again,  the  secondary  might  consist  of  a 
great  length  of  wire  in  many  convolutions,  thin  wire  being 
employed  to  enable  it  to  be  kept  near  to  the  primary.  In 
this  case  the  primary  lines  of  force  would  cut  the  secondary 
circuit  many  times,  and  the  induced  e.m.f.  would  be  much  greater 
than  that  urging  the  current  through  the  primary.  But  since  the 
power  obtained  from  the  apparatus  cannot  be  greater  than  or  even 
equal  to  that  given  to  it,  a  corresponding  reduction  in  the  other 
factor — that  is,  the  current — would  be  observed  ;  in  other  words, 
while  the  e.m.f.  would  be  greatly  increased,  the  current  would  be 
correspondingly  feebler  than  that  in  the  primary. 

The  student  is  probably  familiar  with  a  piece  of  apparatus 
known  as  an  *  induction  coil,'  in  which  a  rapidly  interrupted  heavy 
current  of  low  e.m.f.  is  passed  through  a  few  turns  of  thick  wire, 
adjacent  to  an  enormous  number  of  turns  of  finer  wire.  A 
bundle  of  thin  varnished  iron  wires  serves  as  a  core,  and  a  very 
feeble  current  of  extremely  high  km.f.  can  be  obtained  in  the 
secondary  circuit.     Such  apparatus  has  proved  of  considerable 
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value  in  experimental  researches ;  but  we  are  far  more  concerned 
with  the  effects  obtained  by  proceeding  in  the  reverse  order,  viz. 
by  making  the  length  of  the  wire  in  the  primary  coil  much  greater 
than  that  in  the  secondary. 

Supposing,   for  instance,    we  use   the    fine  wire   coil    of   an 
ordinary  induction  coil  as  the  primary,  and  the  thick   wire  coil 
as  the  secondary ;    the    former  has   considerable  resistance    and 
self-induction,   and  it  will    require  a  high  e.m.f.   to   send   an 
alternating  current  of  even  feeble  strength  through  it     But  on 
measuring    the   resulting    current    in    the   thick    wire   coil    (now 
being  used  as  the  secondary),   it  will   be  found  that  while  the 
K.M.F.  is  low,    the   current   passing   through    this    low-resistance 
circuit  is  comparatively  heavy.      It   is   a   most  important   fact 
that  by  constructing  such  an  induction  coil  so  that  nearly  all 
the  primary  lines  of  force  can  effectively  cut  the  secondary,  the 
secondary  e.m.f.  can  be  made  to  bear  nearly  the  same  ratio  to 
the  primary  e.m.f.  that  the  number  of  convolutions  in  the  one 
coil  bears  to  the  number  in  the  other.    Therefore,  by  making 
the  resistance  of  the  magnetic  circuit  very  low,  as  indicated  above, 
and  also  making  the  electrical  resistance  of  the  secondary  coil 
very  low  indeed,  so  that  but  little  loss  of  power  occurs  in  over- 
coming its  resistance  when  a  fairly  heavy  current  flows,  we  can 
obtain   at   the    terminals  of  the   latter   an   alternating  potential 
difference   whose    average    value    is,    under    all    circumstances, 
practically  equal  to  a  definite  fraction  of  the  -average   of  the 
alternating    potential     difference     maintained    at    the     primary 
terminals. 

For  instance,  if  the  primary  consists  of  tooo  turns  and  the 
secondary  of  10,  and  a  current  of  i  ampere  passes  through  the 
primary  coil  while  the  potential  difference  is  500  volts,  then  the 
secondary  current  may  be  100  amperes,  and  the  induced  E.m.f. 
rather  less  than  5  volts.  This  is  the  important  case  with  which 
we  have  to  deal,  for  it  thus  becomes  possible  to  effect  the 
much-desired  object  of  transmitting  electrical  power  at  a  high 
electrical  pressure,  and  employing  it  at  the  required  point  at  a 
lower  pressure.  A  piece  of  apparatus  which  is  capable  of 
effecting  this  transformation  from  high  to  low  pressure  is  called 
a  '  transformer.' 
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The  first  transformer  was  constructed  in  1831  by  Faraday. 
The  principles  which  he  then  discovered,  of  the  remarkable 
action  of  a  varying  current  upon  an  adjacent  circuit,  are  of  almost 
inconceivable  importance ;  while  the  method  of  constructing  his 
original  transformer,  which  we  shall  briefly  describe,  was  well 
abreast  of  the  then  existing  practice. 

Faraday  procured  a  welded  ring  of  soft  round  bar  iron,  \  inch 
thick,  the  external  diameter  of  the  ring  being  6  inches.  Round 
one  part  of  this  ring  he  wound  about  72  feet  of  copper  wire, 
■al0-  inch  in  diameter,  in  three  superposed  helices,  the  distance  round 
the  ring  thus  covered  being  about  9  inches.  The  wire  was  bare, 
the  first  helix  being  insulated  from  the  iron  by  a  layer  of  calico ;  and 
twine  was  wound  side  by  side  with  the  wire,  to  prevent  contact 
between  adjacent  convolutions.  Then  followed  another  layer  of 
calico,  over  which  was  wound  the  second  helix,  insulated  with 
twine  similarly  to  the  first,  then  another  layer  of  calico  followed 
by  the  third  helix,  the  whole  being  covered  by  calico.  The  ends 
of  each  helix  were  brought  out  so  that  the  three  coils  could  be 
used  separately,  or  conjointly,  in  series  or  in  parallel. 

On  the  other  half  of  the  ring  a  length  of  60  feet  of  copper 
wire  was  wound  in  two  equal  helices,  and  insulated  in  precisely 
the  same  manner  as  before.  These  two  coils  were  joined  in  series 
to  form  the  secondary  circuit  and  connected  to  a  galvanometer. 
The  other  three  helices  were  also  joined  in  series,  to  form  the 
primary  circuit,  and  a  battery  was  connected  up  to  them.  The 
immediate  effect  of  making  this  latter  connection  was  seen  in  a 
violent  deflection  of  the  needle  of  the  galvanometer  placed  in  the 
secondary  circuit.  The  needle  quickly  came  to  rest  at  zero,  but 
was  deflected  momentarily  in  the  opposite  direction  on  the  battery 
being  disconnected  from  the  primary  circuit.  * 

This  result  is  precisely  similar  to  that  which  we  have  described 
in  connection  with  the  apparatus  depicted  in  fig.  281,  but  in  this 
instance  the  lines  of  force  of  the  current  in  the  primary  coil 
were,  of  course,  conducted  round  by  the  iron  ring  through  the 
secondary  coil,  and  the  sudden  cutting  of  this  latter  coil  by  them 
gave  rise  to  the  observed  currents.  As  might  be  expected,  how- 
ever, a  great  many  of  the  lines  of  force  did  not  reach  the 
secondary  coil,  and  Faraday  obtained  a  more  violent  deflection 
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with  the  same  primary  current  and  shorter  lengths  of  wine,  by 
so  arranging  the  two  circuits  that  nearly  all  the   lines  of  force 
generated  were  able  to  cut  the  secondary  circuit.       He   dis- 
connected the  two  helices  which  in  the  previous  experiment  were 
used  as  a  secondary  circuit,  and  in  their  place  took  two  of  the 
three  superposed  helices  on  the  other  half  of  the  ring,  joining 
them  in  series  and  to  the  galvanometer.     The  battery  was  then 
joined  to  the  third  helix,  which  formed  the  primary  circuit,  and 
although  the  lengths  of  wire  were  so  much  shorter,  rather  better 
effects  were  obtained,  because  of  the  increase  in  the  percentage 
of  the  lines  of  force  usefully  employed  ;  and,  of  course,  since  the 
resistance  of  the  primary  coil  was  diminished  in  the  latter  case, 
the  primary  current  was  correspondingly  increased,  the  number  of 
ampere  turns  remaining,  however,  nearly  constant     Had  Faraday 
supplied  the  primary  circuit  with  a  rapidly  alternating   current, 
he  might  have  obtained  an  alternating  current  in  the  secondary 
circuit;    but  his  galvanometer  would  not  have  indicated    the 
presence  of  this  current  if  the  reversals  were  too  rapid  to  give 
the  needle  time  enough  to  move  with  each  pulsation. 

Advancing  now  to  the  consideration  of  a  practical  piece  of 
apparatus  based  upon  these  principles,  we  may  repeat  that  a 
transformer  should  be  so  designed  that  it  can  effect  the  required 
reduction  from  high  to  low  pressure  with  as  little  waste  as 
possible.  The  wires  of  the  two  circuits  should  be  so  disposed 
with  respect  to  each  other  that  the  greatest  possible  number  of 
the  primary  current's  lines  of  force  cut  the  secondary  circuit, 
while  if  iron  is  employed  to  assist  in  this  direction,  care  must  be 
taken  that  but  little  energy  is  lost  in  it  by  eddies  and  hysteresis. 

To  reduce  the  loss  by  eddy  currents  the  iron  must  be 
laminated  at  right  angles  to  the  path  which  they  tend  to  take, 
while  it  must  be  left,  as  far  as  possible,  continuous  in  the  direction 
of  the  lines  themselves.  Loss  by  hysteresis  increases  with  the 
rapidity  with  which  the  current  alternates,  and  with  the  density  of 
the  lines  of  force  through,  and  the  mass  of,  the  iron,  as  well  as 
the  coercive  force  of  the  iron  employed.  These  points  must 
receive  due  consideration  when  the  rate  of  alternation  and  the 
mass  of  the  iron  in  the  core  are  being  decided  upon.  The 
maximum  number  of  lines  of  force  per  square  centimetre  is  rarely 
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allowed  to  exceed  7000  in  the  case  of  a  transformer  core. 
Attention  must  also  be  devoted  to  such  points  as  economy  of 
construction,  efficiency  of  insulation,  and  the  facilities  for  the 
escape  of  the  heat  which  is  the  evidence  of  the  inevitable  loss 
during  the  conversion. 

Perhaps  the  simplest  style  of  practical  transformer  is  a  slight 
modification  of  Faraday's  original  one.     An  iron  core  might  be 
entirely  overwound  with  a  few  layers  of  thick  insulated  copper  wire 
to  form  the  secondary  circuit,  and  a  number  of  layers  of  thinner 
wire  then  wound  over  this  to  form  the  primary.      Resistance  is  of 
comparatively  small  importance  in  the  primary  coil,  but  it  must 
be  kept  low  in  the  other  coil,  because  that  carries  a  heavy  current. 
It  might  be  thought  that  some  advantage  would  be  derived  by 
interlacing  the  two  coils  so  as  to  bring  them  into  closer  proximity, 
but  this  cannot  be  done  in  practice  on  account  of  the  difficulty  in 
maintaining  effective  insulation.    The  potential  difference  between 
even  the  extreme  ends  of  the  secondary  coil  is  low,  and  little 
trouble  is  experienced  in  insulating  this  coil,  but  quite  the  reverse 
obtains  with  the  primary.     The  wire-covering  must  not  be  too 
thick,  otherwise  the  space  occupied  becomes  great,  but  the  utmost 
care  must  be  taken  to  avoid  bringing  into  proximity  any  con- 
volutions separated  from  each  other  by  a  long  length  of  wire,  and 
therefore  having  a  high  potential  difference  between  them.     And 
as  in   practice    wires    connected  to   the  secondary  circuit  are 
frequently  led  into  places  where  they  can  be  and  are  handled, 
every  precaution    must    be    taken    to    effectually  insulate  the 
secondary  from  the  primary.     For  this  reason  the  two  coils  are 
never  interlaced,  but  are  wound  separately,  with  effective  insulation 
between  them. 

The  simplest  way  of  laminating  the  iron  core  of  such  a  trans- 
former is  to  build  it  up  of  thin  iron  wire,  in  exactly  the  same 
manner  as  the  core  of  the  original  Gramme-ring  armature.  In 
fact,  a  Gramme-ring  armature  having  a  large  number  of  con- 
volutions can  be  readily  turned  into  a  very  fair  transformer,  by 
using  two  or  three  equidistant  sections  joined  in  parallel  for  the 
secondary  coil,  and  the  remainder  in  series  for  the  primary. 

The  rapid  reversals  of  magnetisation  which  take  place  quickly 
heat  the  iron  core,  however  well  it  is  laminated.     The  heat  must 
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escape,  and  when  the  iron  is  enveloped  by  copper,  the  heat  musi 
be  imparted  to  the  copper  before  it  can  reach  the  external  air. 
This  heating  of  the  conductor  is  very  undesirable,  and  for  this 
and  several  other  reasons  it  is  preferable  to  place  the  iron  outside 
instead  of  inside,  the  coils,  the  position  of  the  iron  being  quite 
immaterial,  provided  it  can  act  effectively  in  leading  the  lines  of 
force  through  the  desired  paths. 

In  fig.  282  is  illustrated  one  method  of  constructing  such  a 
transformer.  Its  external  appearance  is  that  of  a  massive  ring  of 
small  internal  diameter,  and  in  the  figure  is  shown  a  section  taken 
through  a  diameter,  at  right  angles  to  the  plane  of  the  ring.  The 
primary  and  secondary  coils  are  each  wound  in  a  single  coil,  and 
lie  close  together  concentrically.  They  are  wrapped  round  with  an 
insulating  material, 
,Kiw  j8a  _       and    over     this    is 

wound  spirally  an 
enormous  quantity 
of  soft  iron  wire. 
The  inner  coil  of 
thick  wire,  S  S,  is 
the  secondary, 

while  the  primary 
coil  of  thinner  wire, 
p  p,  lies  outside  it, 
and  it  will  be  ob- 
served that  the  depth  of  the  layer  of  iron  wire  is  about  equal  to  the 
diameter  of  the  compound  coil  of  copper  wire.  Such  a  trans- 
former gives  fairly  good  results,  for  nearly  all  the  primary  lines 
of  force  extend  out  to  the  massive  iron-wire  shell,  and  in  so  doing 
cut  the  secondary.  But  it  is  an  extremely  tedious  and  expensive 
piece  of  apparatus  to  make  on  a  large  scale,  on  account  of  the 
slow  process  of  winding  the  enormous  length  of  iron  wire. 
Further,  if  a  fault  should  occur  (and  faults  will  occur),  it 
becomes  necessary  to  remove  the  whole  of  the  iron  wire  before 
the  coils  can  be  got  at,  to  remedy  the  fault. 

Consequently  large  transformers  are  not  made  in  the  manner 
illustrated,  although  in  most  cases  the  principle  is  the  same. 
The  apparatus  usually  consists  of  two  coils  of  wire,  nearly  oblong 
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in  shape,  lying  side  by  side  with  an  easily  fixed  and  easily  re- 
movable laminated-iron  covering. 

About  fifty  years  ago  a  first-rate   method  of  constructing  a 

transformer  was  patented  by  C.  F.  Varley,  which  may  be  regarded 

as  a  combination  of  the  two  types  mentioned.     He  took  a  bundle 

of  iron  wires  of  approximately  equal  lengths  and  over  this  bundle 

wound  the  primary  and  secondary  coils.    These  coils  were  placed 

in  the  middle  of  the  bundle,  and  extended  along  it  for  a  distance 

equal  to  one-third  of  its  length,  so  that  the  iron  wires  protruded 

from  each  end  to  a  distance  equal  to  the  length  of  the  coils.     The 

ends  of  the  iron  wires  were  then  bent  round  over  the  outside  of 

the  coils,  so  as  to  meet  and  overlap  each  other,  thus  completely 

encasing  the  coils  with  iron,  except  at  one  place  through  which 

the  connecting  wires  were  led. 

But  the  necessity  for  large  transformers  did  not  then  exist,  and 
the  method  was  scarcely  at  all  employed. 

The  magnetic  circuit  of  modern  transformers  is  built  up  of  a 
number  of  flat  plates  of  sheet  iron,  placed  so  that  the  plane  of  the 
sheet  may  be  as  far  as  possible  parallel  to  the  direction  in  which 
the  lines  of  force  are  thrust  through  the  iron.  They  are  usually 
insulated  by  a  thin  coating  of  varnish,  or  by  paper,  or  sometimes 
calico,  and  the  devices  by  which  such  plates  may  be  cheaply 
made  and  placed  in  position  are  very  numerous.  As  they  differ 
but  little  in  principle,  we  need  select  only  the  following  examples 
for  description. 

Fig.  283  is  a  sectional  view  of  the  Brush  Company's  standard 
single-phase  transformer,  which  is  completely  enclosed  in  the 
iron  frame,  and  designed  for  use  in  the  sub-station  of  a  public 
supply  system.  The  primary  and  secondary  coils  are  wound  one 
over  the  other  on  the  two  vertical  limbs  of  the  iron  core  of  the 
transformer.  In  fig.  284  a  perspective  view  of  this  core  is  given, 
from  which  it  is  seen  that  the  plates  of  thin  iron,  0*014  in.  thick, 
are  clamped  and  bolted  together  by  means  of  massive  castings. 
The  iron  is  of  a  quality  specially  selected  for  its  non-ageing 
properties — that  is  to  say,  it  is  capable  of  maintaining  its  freedom 
to  respond  to  rapid  reversals  of  the  magnetic  field  for  a  consider- 
able time.  It  has  been  noticed  that  some  classes  of  iron  when 
subjected  for  a  long  time  to  rapid  reversals  '  age '  or  '  fatigue,'  or, 
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in  simple  language,  show  a  tendency  to  respond    less  freely  to    | 
reversals  in  the  direction  of  magnetisation,  the  particles  of  iron 
being  increasingly  difficult  to  move,  and  as  a  consequence  the 
hysteresis  losses  increase. 

The  secondary  (or  low-voltage  coil)  is  placed  next  to  the 
core,  from  which  it  is  insulated  by  a  special  tube  of  insulation 
Another  tube  of  insulation  is  then  slipped  over  the  secondin 
winding,  and  then  the  primary  coils  are  placed  in  position.     Since 
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the  primary  winding  is  subjected  to  high  pressure  it  is  wound  in 
sections,  and  each  section  is  separately  taped  with  oiled  linen, 
and  by  this  means  the  danger  of  a  breakdown  is  minimised,  and 
even  if  a  breakdown  does  occur  the  faulty  coil  can  be  removed 
and  a  new  one  replaced  without  much  trouble.  The  coils  are 
composed  of  cotton-covered  wires  wound  on  formers  insulated 
and  baked  in  a  vacuum  oven  to  dry  out  all  the  moisture. 

In  fig.  285  two  views  of  a  three-phase  transformer  are  shown, 
the  construction  being  similar  to  that  of  a  single-phase  transformer, 
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excepting  that  in  the  former  case  three  cores  are  used  to  wind  the 
coils  on  instead  of  two.  The  whole  of  the  core  and  windings  are 
immersed  in  oil  in  order  that  the  cooling  may  be  efficient.  The 
temperature  rise  of  the  transformer  after  a  continuous  run  at  faB 
load  does  not  exceed  900  F.  when  this  method  of  cooling  ts 
adopted.  The  cast-iron  box  containing  the  transformer  is  pro- 
vided with  a  cover  which  is  bolted  to  the  box,  and  the  oil  can  be 
emptied  out  when  required  by  means  of  the  screw  plug  shown  in 
the  lower  right-hand  corner  of  the  longitudinal  view.  Flexible 
leads  connected  to  the  coils  are  brought  out  through  glands  in  the 
box.  The  standard  primary  voltage  for  which  the  transformers 
are  constructed  is  2000  volts,  but  this  can,  of  course,  be  easily 

increased,  and  trans- 
formers can  be  wound 
for  any  desired  voltage 
and  any  desired  ratio  of 
transformation. 

Fig.  286  is  interesting. 
It  shows  the  variation  ia 
pressure  at  the  secondary 
terminals,   under  varying 
*  power     factors/    for    a 
40-kilowatt     transformer. 
With   the  secondary  ter- 
m  inals    disconnected    a 
potential     difference     of 
202  volts  is  maintained.     At  the  full-load  current,  and  with  the 
maximum  power  factor,  such  as  would  result  when  the  secondary 
coil  is  joined  to  a  group  of  incandescent  lamps  or  any  other  similar 
inductionless  load,  the  pressure  is  199*2  volts,  and  through  the 
whole  range  the  drop  in  voltage  is  less  than  1*5  per  cent 

Small  transformers  for  loads  up  to  3  kilowatts  are  specially 
constructed  for  house-to-house  supply  or  for  alternate-current  arc- 
lamps  The  coils  are  wound  over  a  circular  iron  core,  consisting  of 
sheet-iron  stampings  about  0*014  m-  thick,  the  magnetic  circuit 
being  completed  by  means  of  L-shaped  stampings,  which  are 
placed  in  position  after  the  coils  have  been  wound  on.  A  sectional 
view  of  one  of  the  arc-lamp  transformers  is  given  in  fig.  287.    It 
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"will  be  seen  that  the  primary  and  secondary  coils  are  wound  side 
by  side,  and  that  the  space  occupied  by  the  iron  is  proportionally 
large.  When  the  transformer  is  intended  for  reducing  the  pressure 
to  35  volts  for  a  single  arc-lamp,  the  reactance  (see  p.  592)  is 
increased  by  the  method  of  construction,  so  that  a  separate  choking 


coil  which  would  otherwise  be  necessary  can  be  dispensed  with. 
The  effect  of  this  is  illustrated  in  fig.  288,  which  gives  two 
characteristic  curves;  a  for  a  small  ordinary  transformer,  and  b 
for  a  self-choking  arc-lamp  transformer.  It  will  be  seen  that  in 
the  former  case  the  voltage  remains  almost  constant  as  the  current 
is  increased,  while  in  the  latter  an  abnormal  rise  in  the  current 
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is  accompanied  by  a  rapid  fall  in  the  voltage.  If  it  were  not  fcr 
this  or  some  similar  provision,  a  partial  short-circuiting  of  the 
lamp  might  be  followed  by  disastrous  results — that  is  to  say,  the 
lamp  would  either  be  burned  up  or  the  protecting  fuse  melted. 

Transformers  have  been  put  to  an  interesting  use  for  the 
purpose  of  obtaining  the  very  heavy  currents  which-  are  necessary 
in  electric  welding.  The  method  consists  in  placing  the  two 
pieces  of  metal  required  to  be  welded  end  to  end,  and  subject- 
ing them  to  moderate  pressure  against  each  other.  A  very  heavy 
current  is  then  passed  from  one  to  the  other,  and  as  they  make 
imperfect  contact  at  their  opposing  surfaces,  considerable  resist- 

Fig.  288 


(0 

O 

> 


AMPERES 


ancc  is  there  offered  to  the  passage  of  the  current,  and  a  very 
intense  heat  is  consequently  developed  at  the  point  where  it  is 
required  to  make  the  weld.  If  the  current  is  sufficiently  strong, 
the  opposing  surfaces  get  white  hot,  and  being  pressed  together 
they  unite  perfectly,  bulging  out,  however,  round  the  edges.  It  is 
necessary  that  the  surfaces  should  be  perfectly  clean,  and  a  flux, 
the  composition  of  which  depends  upon  the  nature  of  the  metals 
to  be  welded,  is  usually  employed  to  prevent  the  oxidation  of  the 
surfaces  and  so  render  the  weld  more  perfect.  In  the  case  of 
iron,  a  little  borax  is  sprinkled  over  the  ends  of  the  rods. 

But  in  order  to  sufficiently  raise  the  temperature  of  thick  rods 
of  metal,  enormous  currents  are  required ;  for  instance,  a  current 
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of  about  20,000  amperes  would  be  required  to  weld  a  steel  rod 
seven-eighths  of  an  inch  thick.  In  such  a  case  the  resistance 
of  the  current  generator  must  be  extremely  small,  otherwise  the 
power  absorbed  in  it  would  amount  to  many  horse-power. 

Secondary      bat-  Tia    . 

teries  might  be 
employed  for  the 
smaller  currents,  but 
the  most  economical 
method  is  to  gene- 
rate an  alternating 
current  by  means  of 
a  dynamo,  at  a  fairly 
high  e.m.f.,  and,  re- 
ducing this  to  a  con- 
siderably lower  E.M.F. 
by  means  of  a  trans- 
former, obtain  at  the 
same  time  an  in- 
crease in  the  current 
strength. 

Various  types  of 
transformer  have 
been  employed  for 
the  purpose,  one 
form  being  illustrated 
by  the  diagram  in 
fig.  389.  The  pri- 
mary coil,  p,  is  com- 
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of  turns  of  wire, 
wound  in  a  circular 
coil;  the  secondary 
consists  of  a  single  massive  copper  strip,  s  s,  bent  into  a  circular 
form,  and  placed  concentrically  with  the  primary  coil.  Over  the 
twocoils  is  wound  a  quantity  of  iron  wire,  1  I,  in  two  masses,  space 
being  left  between  them  on  one  side  for  the  passage  of  the  wires 
leading  to  the  primary  coil,  and  on  the  other  side,  to  bring  out 
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the  massive  straight  bars  forming  the  ends  of  the  secondary  coO. 
The  bars  can  be  held  open  by  means  of  the  screw  at  k  ;  then 
extremities  being  provided  with  massive  clamps,  c  cf,  in  which 
the  pieces  to  be  welded,  b  b',  are  fixed.  A  spiral  spring  at  i 
presses  the  ends  together,  the  pressure  being  regulated  by  means 
of  the  screw  at  j.  There  are  several  modifications  of  this 
apparatus  for  performing  special  classes  of  work,  the  principle, 
however,  being  in  nearly  all  cases  the  one  illustrated.  More 
elaborate  mechanical  contrivances  are  frequently  introduced  for 
clamping  the  rods  or  tub?s  to  be  welded,  and  for  regulating  the 
pressure  at  the  junction. 

When  the  source  of  supply  is  on  the  direct-current  system  a 
rotary  converter  is  employed  to  convert  it  into  an  alternating 
current,  and  this  current  is  then  passed  through  a  transformer  in 
order  to  obtain  a  current  of  the  required  strength. 

For  ordinary  work  a  current  of  12,000  amperes  is  the  maximum 
required,  and  in  such  a  case  the  power  is  usually  supplied  to  the 
primary  at  an  e.m.f.  of  about  600  volts,  the  current  being 
20  amperes.  A  certain  amount  of  this  power  is,  of  course,  fast 
during  the  conversion ;  but  a  current  of  1 2,000  amperes  at  an 
e.m.f.  of  nearly  one  volt  can  be  obtained  in  the  secondary 
circuit. 

It  is  important  to  observe  the  reason  for  most  of  the  heat  being 
developed  at  the  proper  point.     When  the  current  is  started  in 
the  secondary  circuit,  the  resistance  at  the  junction  is  far  greater 
than  the  resistance  of  the  whole  of  the  remainder  of  the  circuit ; 
consequently  the  fall  of  potential  there  is  comparatively  great — 
that  is,  nearly  the  whole  of  the  power  appearing  in  the  secondary 
is  expended  in  overcoming  the  resistance  at  the  opposing  surfaces. 
These  surfaces  get  hot,  and  being  pressed  together,  they  make 
much  better  contact  immediately  the  rise  in  temperature  is  suffi- 
cient to   render  the  metal  plastic.     The    rise  in  temperature, 
however,  considerably  increases  the  resistance  of  the  metal  itself, 
and  consequently  the  expenditure  of  power  at  this  point  is  still 
proportionally  great.     The  ease  with  which   the  heat  can   be 
confined  to  any  particular  locality  constitutes  one  great  advantage 
of  the  electrical  method.    The  clamps  make  contact  with  a  large 
surface,  to  avoid,  as  far  as  possible,  the  introduction  of  resistance, 
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and  they  are  so  designed  that  the  removal  of  the  welded  rods  can 
be  speedily  effected. 

Before  proceeding  with  a  further  consideration  of  the  manner 
in  which  transformers  can  be  employed,  it  will  be  advisable  to 
briefly  discuss  some  of  the  peculiarities  of  alternating  currents. 
Hitherto  when  comparing  alternating  currents  with  direct  currents, 
we  have  considered  only  the  simple  average  value  of  the  former. 
But  it  is  important  to  note  that  in  cases  where  it  is  required  to 
compare  alternating  and  direct  currents  with   respect  to  their 
capabilities  for  performing  work,  this  simple  average  value  of  an 
alternating  current  does  not  enable  us  to  directly  effect  the  com- 
parison.    For  example,  if  a  current  varies  according  to  the  sine 
law,  its  average  value  is  0*637  of  its  maximum  value — that  is  to 
say,  if  its  maximum  strength  is  1  ampere,  its  average  strength 
is  0*637  ampere.     But  if  a  steady  current  of  0*637  ampere  is 
maintained   through  an   incandescent    lamp,   the  lamp  is   less 
brilliantly  lighted  than  by  an  alternating  current  whose  maximum 
reaches  1  ampere,  and  whose  average  value  is  therefore  0*637 
ampere,  which  clearly  shows  that  more  work  is  being  done  by  the 
alternating  than  by  the  direct  current.     This  arises  from  the  fact 
that  the  work  performed  at  any  instant  varies  as  the  square  of  the 
current  strength  at  that  instant,  and  the  average  of  the  square  of 
the  current  at  every  instant   is  greater  than   the  square  of  its 
average  value.     In  fact,  in  the  case  of  a  current  varying  according 
to  the  sine  law,  and  with  a  maximum  value  of  1  ampere,  if  the 
current  strength  at  every  instant  be  squared,  the  average  value 
of  these  squares  will  be  0*5,  the  square  root  of  which  is  0*707. 
Consequently  such  a  current  is  equivalent,  as  regards   heating- 
power  or  the  performance  of  other  work,  to  a  steady  current  of 
0*707  ampere.     Precisely  the  same  argument  applies  with  respect 
to  electro-motive  force,  and  to  avoid  misunderstanding  it  is  usual 
to  refer  to  this  *  square  root  of  the  mean  square '  value  of  an  alter- 
nating current  or  pressure  as  the  *  virtual '  amperes  or  volts,  as  the 
case  may  be. 

It  may  be  noted,  for  example,  that  a  Siemens  dynamometer 
indicates  virtual  amperes,  since  the  force  of  attraction  is  at  any 
moment  proportional  to  the  square  of  the  current  strength ;  while 
for  a  similar  reason   an   electrostatic  voltmeter  indicates  virtual 
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volts.  Similarly,  a  hot-wire  voltmeter  indicates  virtual  volts, 
because  the  heat  developed  in  the  wire  is  at  every  instant  pro- 
portional to  the  square  of  the  current  strength,  and  this  square 
varies  with  the  square  of  the  pressure. 

It  must  be  distinctly  understood  that  the  work  which  can  be 
done  by  an  alternating  current  is  proportional  to  0707  of  its  maxi- 
mum value  when  the  current  curve  is  a  sine  curve  such  as  that 
depicted  in  fig.  143,  and  that  it  may  have  a  greater  or  less  value 
in  other  cases  depending  upon  the  shape  of  the  curve ;  and  the 
same  remark  applies  to  the  electro-motive  force.  Many  alternators 
which  have  no  iron  in  their  armatures  give  an  e.m.f.  curve 
which  is  almost  exactly  a  sine  curve,  but  the  resulting  current 
does  not  necessarily  rise  and  fall  even  approximately  according  to 
the  sine  law,  unless  the  circuit  is  devoid  of  coils  with  iron  cores. 
But  whatever  may  be  the  shape  of  the  curve,  the  *  virtual  *  value  js 
found,  as  stated  above,  by  taking  the  square  root  of  the  sum  of  the 
squares  of  the  values  at  every  instant  during  a  complete  cycle. 

We  know  that  when  a  steady  e.m.f.  is  applied  to  the  extremi- 
ties of  any  conductor,  a  steady  current  always  flowing  in  the  same 
direction  is  obtained ;  and  after  the  first  instant  the  presence  or 
absence  of  self-induction  in  the  circuit  makes  no  difference  in  the 
current  strength.  In  such  a  simple  case  the  power  expended  is 
at  once  obtained  by  multiplying  the  current  by  the  E.M.F.,  because 
both  quantities  are  constant  in  value  and  the  current  always  flows 
in  one  direction — namely,  that  in  which  the  e.m.f.  is  acting.  When, 
however,  the  e.m.f.  varies  in  strength  or  alternates  in  direction, 
the  calculation  of  the  power  expended  cannot  be  so  easily  made. 
The  simplest  case  occurs  when  the  circuit  contains  no  self- 
induction,  because  then  the  current  instantaneously  changes  with 
every  change  in  the  e.m.f.,  rising  and  falling  with  it  and  giving  a 
curve  of  exactly  the  same  shape.  The  power  being  expended  at 
any  instant  is  then  equal  to  the  volts  multiplied  by  the  amperes 
at  that  instant ;  and  therefore  the  product  of  virtual  volts  and 
virtual  amperes  will  always  give  the  correct  value  of  the  power 
expended  in  any  circuit  having  no  appreciable  self-induction,  such 
as,  for  example,  an  incandescent  lamp. 

When,  however,  the  circuit  contains  self-induction,  the  current 
does  not  rise  and  fall  simultaneously  with  the  e.m.f.,  but  lags 
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behind  it,  the  amount  of  the  lag  depending  upon  the  value 
of  the  self-induction — that  is  to  say,  the  maximum  value  of  the 
current  strength  occurs  later  than  the  maximum  e.m.f.,  and  the 
direction  of  the  current  is  not  reversed  until  after  the  e.m.f.  has 

* 

been  reversed  and  is  acting  in  the  opposite  direction.     It  there- 
fore follows  that  twice  during  each  alternation  or  complete  cycle 
the  current  is  flowing  in  a  direction  opposite  to  that  in  which  the 
e.m.f.  is  acting,  and  we  must  consider  how  this  state  of  affairs 
affects  the  expenditure  of  power  in  the  circuit.      A  mechanical 
analogue   may  here   prove   of  some   assistance,   and   from    the 
numerous   examples  which    readily  suggest  themselves  we  may, 
perhaps,  select  a  heavy  pendulum,  which,  being  kept  swinging, 
can  be  considered   as   representing  an   alternating  current,  the 
force  which  has  to  be  applied  to  keep  the  pendulum  in  motion 
being  equivalent  to  the  electro-motive  force.     In  order  to  more 
yearly  represent  the  state  of  affairs  in  a  circuit  having  no  self- 
induction,  the  pendulum  should  be  so  balanced  that  it  will  remain 
at  rest  in  any  position ;  and  it  may  then  be  kept  swinging  by 
pressing  in  alternate  directions  against  a  small  rigid  rod  fixed  at 
right  angles  to  the  direction  of  motion.     The  pressure  exerted 
will  then  always  be  in  the  same  direction  as  the  motion,  and  work 
will  always  be  performed  at  every  stage.     But  if  the  pendulum 
be  unbalanced  and  allowed  to  swing  freely,  and  the  rigid  rod  be 
replaced  by  a  flat  steel  spring,  the  case  of  a  circuit  having  self- 
induction  may  be  approximately  represented.     Work  is  actually 
expended  during  the  whole  time  that  the  pendulum  is  moving  in 
the  same  direction  that  the  pressure  is  applied  to  the  spring,  but  by 
endeavouring  to  make  the  pendulum  swing  faster  than  its  natural 
rate  it  will  be  seen  that  the  pressure  must  be  reversed  each  time 
before  the  pendulum  has  come  to  the  end  of  its  journey,  and  then 
as  its  inertia  still  carries  it  forward  against  the  pressure  it  bends 
the  spring  and  so  stores  up  energy  which  is  again  given  out  by 
the  spring  when  the  pendulum  begins  to  move  back  again.     This 
analogy  is  imperfect,  but  it  will  serve  to  bring  out  the  point  that 
twice  during  each  complete  oscillation  or  cycle  when  the  pressure 
is  in  opposition  to  the  motion,  work  is  stored  up  to  be  given  out 
again  instead  of  being  expended,  and  due  allowance  must  be  made 
for  this  in  estimating  the  total  amount  of  energy  expended ;  and 
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it  will  be  evident  that  the  more  the  motion  lags  behind  the  pressure 
the  greater  becomes  the  amount  which  must  be  allowed.  In  just 
the  same  way,  when  the  current  lags  behind  the  e.m.f.  in  aa 
inductive  circuit,  due  allowance  must  be  made  for  those  periods 
during  which  the  current  and  e.m.f.  are  opposite  in  direction, 
energy  being  stored  up  and  given  out  again  by  the  collapsing  lines 
of  force  in  somewhat  the  same  manner  that  it  is  stored  up  and  again 
given  out  by  a  bent  spring.  The  power  may  still  be  estimated  as 
before  by  multiplying  the  virtual  volts  and  amperes  if  due  attention 
be  paid  to  the  direction  by  introducing  algebraic  signs.  Thus  if  e 
and  c  represent  respectively  the  virtual  volts  and  amperes  during  the 
time  that  both  e.m.f.  and  current  are  in  the  same  direction,  and 
e  and  c  the  virtual  volts  and  amperes  while  the  current  is  flowing 
in  opposition  to  the  e.m.f.,  the  power  expended  will  be 

.exc  +  (*x  -c)  =  ec-^ watts. 

In  some  cases,  however,  it  is  possible  to  determine  the  exact 
extent  to  which  the  current  lags  behind  the  e.m.f.,  and  the  lag  may 
be  conveniently  expressed  in  degrees,  since,  as  we  have  seen,  a 
complete  cycle  is  represented  by  3600  and  the  value  of  the  lag 
so  expressed  is  known  as  the  'angle  of  lag.1  In  any  inductive 
circuit  when  the  curves  are  sine  curves  the  power  expended  is 
equal  to  the  product  of  virtual  volts  and  virtual  amperes,  multi- 
plied by  the  cosine  of  the  angle  of  lag,  and  the  proportion  which 
this  value  bears  to  the  product  of  amperes  and  volts  in  an 
inductionless  circuit  is  known  as  the  power  factor. 

For  instance,  if  the  angle  of  lag  were  io°  (the  cosine  of  which 
is  0*985)  and  the  virtual  amperes  and  volts  10  and  50  respectively, 
the  power  expended  would  be  10  x  50  x  0*985  =  492-5  watts,  and 
the  power  factor  would  be  0-985  or  98*5  per  cent.  In  the  extreme 
case,  which  cannot  be  easily  attained  in  practice  where  the  current 
lags  900  behind  the  electro-motive  force  (in  which  case  they  would 
be  said  to  be  'in  quadrature')  no  power  would  be  expended  in  the 
circuit,  because  the  cosine  of  900  is  o.  This  ideal  state  of  affairs 
would  result  from  the  fact  that  the  current  and  pressure  would  be 
in  opposite  directions  during  precisely  the  same  length  of  time 
that  they  were  in  the  same  direction,  and  just  as  much  work 
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would  be  returned  by  the  inductive  circuit  in  the  one  interval  as 
would  be  expended  in  the  other  interval. 

Since  the  lag  of  current  behind  the  e.m.f.  depends  so  largely 
upon  the  value  of  the  self-induction  of  the  circuit,  it  becomes  im- 
portant to  examine  more  closely  the  conditions  which  determine 
the  self-inductive  effect     We  have  already  seen,  in  Chapter  VII., 
that  when  a  long  straight  length  of  wire  is  wound  into  a  coil  of 
many  convolutions,  its  resistance  remains  unaltered,  but  another 
property  is  introduced   which  only  becomes  evident  when  the 
current  is  changing  in  value  and  which  is  due  to  the  lines  of  force 
in  springing  out  from  or  collapsing  upon  any  one  convolution 
cutting  some  or  perhaps  all  of  the  other  convolutions.     The  effect 
of  this  self-induction  is  to  retard  the  rise  or  fall  of  the  current  in 
the  coil,  and  consequently  if  such  a  coil  be  placed  in  any  circuit  in 
which  there  is  an  alternating  e.m.f.  the  resulting  current  strength 
will  be  less  than  if  the  wire  were  straightened  out  so  that  only  the 
resistance  had  to  be  dealt  with.     If  there  is  no  iron  inside  or 
in  the  vicinity  of  the  coil,  the  matter  is  somewhat  simplified,  and 
the  total  self-inductive  effect  or  '  inductance '  may  be  estimated  by 
the  number  of  those  lines  of  force  which  springing  out  from  and 
collapsing  upon  the  various  convolutions  cut  the  other  convolutions 
of  the  coil ;  this  number  will  depend  upon  the  current  strength,  but 
also  upon  another  factor  which  depends  upon  the  number  of  con- 
volutions in  the  coil  and  their  disposition,  that  is  upon  the  shape  of 
the  coil ;  this  latter  factor  is  termed  the  '  coefficient  of  self-induc- 
tion '  of  the  coil,  and  it  may  be  measured  in  terms  of  a  unit  called 
the  henry.     If  a  current  be  started  in  the  coil,  the  self-inductive 
effect  will  generate  a  counter  or  back  e.m.f.,  proportional  at  any 
instant  to  the  rate  at  which  the  current  is  changing  in  strength ; 
and  if  when  the  current  is  made  to  rise  uniformly  during  one 
second  from  zero  to  one  ampere  the  back  e.m.f.  during  that  second 
is  one  volt,  then  the  coefficient  of  self-induction  of  the  coil  is  one 
henry.     The  coefficient  of  self-induction  of  a  coil  is  generally 
denoted  by  the  symbol  l,  and  it  is  constant  in  value  for  a  coil 
without  iron.     The  total  number  of  lines  of  force  interlinked  in 
the  coil  varies  with  c,  the  current  strength  at  any  instant,  and  ;s 
equal  to  the  product  of  l  and  c.     The  e.m.f.  induced  in  the  coil 
when  the  current  varies  is  equal  to  l  multiplied  by  the  rate  at 
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secondary  lines  of  force  assist  the  reversal  of  the  primary  current 
This  reaction  is  greatest  when  most  needed — that  is,  when  the 
secondary  circuit  resistance  is  least— because  then  the  secondary 
current  is  greatest,  and  it  causes  the  transformer  to  be  auto- 
matically self-regulating,  taking  up  power  in  the  primary  coil  as 
demanded  by  the  conditions  existing  at  the  moment  in  the 
secondary  circuit.  It  will  be  seen  that  so  far  as  the  eddy  currents 
are  concerned  the  iron  core  may  be  treated  as  a  subsidiary 
secondary  coil,  and  it  will  then  be  easy  to  understand  how  the 
power  lost  in  eddy  currents  is  taken  up  by  the  primary,  because 
these  currents  react  to  increase  the  primary  current  and  reduce 
the  lag  in  just  the  same  way  as  the  secondary  current  does. 

The  primary  impressed  e.m.f.  is  of  course  the  actual  cause 
of  the  results  obtained  with  ;i  transformer,  but  t 
advantages  in  starling  with  a 
changes  in  the  iron  core  and  ii 
e.m.f.  and  forwards  tu  the  set 
of  the  core  is  continually  revi 
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and   under  all   conditions   b 
coils  embrace  and  ire  being 
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daryE.M.F.  is  low  be 
coil ;  the  primary  in< 
to  the  ratio  of  the  CODVOH 
the  secondary  coil.     Hot™ 
same  direction  or  in  the  sa 
'  e.m.f.  is  that  known  as  the  c 
necessarily  in  opposition  to  i 
the  secondary  load  is  inductit 
lamps,  the  secondary  current,  secon. 
E  M.F.  will  be  similar  in  phase  and  all 
This  latter  result  follows  from  the  fact 
is  highest  (either  positive  or  negat.ve) 
an  instant  zero,  and  the  induced  k.m.f.  s  also 
of  change  and  the  induced 
the  reversal  in  direct* 
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The  primary  back  e.m.f.  is  opposite  in  direction  to,  but  slightly 
behind,  the  impressed  e.m.f.  by  which  it  is  generated  ;  con- 
sequently the  secondary  e.m.f.  is  almost  exactly  opposite  in 
phase  to  the  primary  impressed  e.m.f.  The  primary  current  lags 
behind  the  impressed  e.m.f.,  to  a  varying  extent  depending,  as 
has  been  shown,  upon  the  secondary  current. 

The  magnetisation  of  the  iron  core  is  practically  the  same 
at  all  loads,  and  therefore  the  eddy  currents  and  iron  losses  are 
practically  constant ;  the  losses  by  heating  the  coils  vary  with 
the  square  of  the  current  strength  therein. 

On  account  of  the  excellent  regulating  properties  of  good 
transformers  when  worked  on  the  parallel  system,  this  system 
is  generally  adopted,  and  we  need  not  consider  the  practically 
extinct  series  system. 

We  may  distinguish  two  separate  systems  of  running   trans- 
formers in  parallel.     The  first,  known  as  the  distributed   trans- 
k  the  more  suitable  when  current  has  to  be  supplied 
*eparate  buildings   which  are  situated    at  some 
e  other,  and  in  such  a  case  the  high-pressure 
whole  district  and  led  into  each  building 
separate    transformer  which    supplies 
Kond,  or  sub-station  system,  the    high- 
)  the  premises  to  which  current  is 
iub-stations  are  arranged 
evcral  transformers  may  he  placed, 
1  can  then  be  taken  from  the 
tie  neighbourhood.     This 
i  considerable  amount  of 
neighbourhood    of   each 
that    high-pressure  wires 
remises ;  large  transformers 
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to  reduce  the  secondary  e.m.f.  ;  (3)  the  losses  by  eddy  currents 
and  hysteresis  should  be  reduced  as  much  as  possible  by  methods 
which  have  already  been  fully  explained ;  (4)  the  resistance  of  the 
secondary  coil  should  be  as  low  as  possible  in  order  that  the  fall  of 
potential  therein  with  the  maximum  current  may  be  inappreciable. 
We  will  consider  the  two  extreme  cases — first,  when  the  secon- 
dary circuit  is  disconnected  and  the  load  therefore  nil]  secondly, 
when  the  secondary  load  is  heaviest,  which  is  the  case  when  the 
resistance  of  the  secondary  circuit  has  its  lowest  value.     In  the 
first  case  when  the  secondary  circuit  is  disconnected  the  secon- 
dary coil  has  practically  no  effect  and  may  be  considerecLas  non- 
existent    The  transformer  may  be  treated  as  if  it  consisted  of 
the  primary  coil  and  iron  core  only,  and  as  this  coil  has  many 
convolutions  and  is  surrounded  by  a  good  magnetic  circuit,  its 
coefficient  of  self-induction  is  extremely  high,  and  the  total  self- 
induction  effect  or  reactance  will  also  be  very  great  because  the 
impressed  e.m.f.  alternates  rapidly.     Consequently,  although  the 
resistance  of  the  coil  may  be  fairly  low,  the  impedance  is  great 
and  the  current  strength  will  be  small,  in  spite  of  the  fact  that 
the  impressed  e.m.f.  may  be,  say,  2000  volts.     The  power  ex- 
pended, as  measured  by  E  x  c,  might,  however,  still  be  consider- 
able, since  e  has  such  a  high  value,  but  we  know  that  in  order  to 
get  the  true  value  of  the  power  this  product  must  be  multiplied 
by  some  such  quantity  as  the  cosine  of  the  angle  of  lag,  and  as  in 
a  good  transformer  the  angle  of  lag  will  under  these  conditions  be 
nearly  900,  this  latter  factor  reduces  the  value  of  the  power  ex- 
pended to  a  very  small  value.     It  is  not  practicable  to  treat  this 
part  of  the  subject  algebraically  without  assuming  conditions  which 
do  not  exist  in  practice  (for  example,  true  sine  curves  and  iron 
cores  of  constant  permeability),  but  it  will  be  readily  understood 
that  the  total   power  expended  on  the  transformer  when   the 
secondary  circuit  is  open  is  made  up  of  two  parts :  (a)  the  heat 
generated  by  the  current  in  the  primary  coil  conductor ;  (k)  the 
losses  by  heating  the  iron  core.     It  is  important  to  keep  these 
losses  low,  because  a  transformer  is  generally  on  c  open  circuit ' 
during  the  greater  part  of  the  twenty-four  hours.     The  first-men- 
tioned loss  (a)  can  be  calculated  as  the  product  of  ohms  and  virtual 
amperes  squared,  both  of  which  factors  should,  as  we  have  seen, 
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be  fairly  low,  while  the  second  (b)  is  made  up  of  eddy  current  and 
hysteresis  losses. 

The  fact  that  the  current  is  small  when  the  self-induction  of 
the  primary  coil  is  high  will  be  evident  when  we  remember  that  if, 
as  is  frequently  the  case,  the  rate  of  alternation  is  50  per  second, 
the  e.m.f.  will  only  be  applied  to  the  primary  coil  in  one  direction 
during  x  ^th  part  of  a  second,  and  in  order  to  produce  the  flux 
corresponding  to  the  e.m.f.  applied  to  the  primary  terminals, 
only  a  very  small  current  is  required,  in  fact  only  sufficient  current 
to  magnetise  the  iron. 

These  considerations  explain  how  it  is  possible  to  leave  a 
transformer  on  open  secondary  circuit  permanently  joined  up  to 
the  high-pressure  mains  without  incurring  a  continual  heavy  loss, 
and  it  now  remains  to  explain  how  more  power  can  be  taken  up 
and  transferred  to  the  secondary  circuit  when  required ;  for 
example,  when  the  maximum  number  of  lamps  is  connected  in 
parallel  across  the  secondary  terminals.  While  the  secondary 
circuit  was  open  a  definite  alternating  potential  difference  was 
maintained  at  the  terminals  of  the  secondary  coil,  and  this  might 
readily  have  been  indicated  and  measured,  without  disturbing  the 
conditions,  by  means  of  an  electrostatic  voltmeter.  When  the 
secondary  circuit  is  completed  this  potential  difference  causes  a 
current  to  flow,  and  if  the  resistance  of  the  secondary  coil  is 
negligibly  small  this  current  will  be  inversely  proportional  to  the 
resistance  of  the  external  secondary  circuit  It  is  the  reactive 
effect  of  this  secondary  current  which  enables  the  primary  coil  to 
take  up  more  power  from  the  mains,  first  by  increasing  the  primary 
current,  and  secondly  by  reducing  the  angle  of  lag  between  the 
e.m.f.  and  current,  and  the  power  thus  taken  up  would  in  a  perfect 
transformer  be  inversely  proportional  to  the  resistance  of  the 
secondary  circuit.  In  order  to  more  clearly  understand  the  effect  of 
this  reaction  the  student  may  with  advantage  again  read  that  portion 
of  Chapter  VII.  dealing  with  the  mutual  induction  between  two 
coils.  It  will  be  seen  that  when  the  current  starts  in  the  secon- 
dary coil  its  lines  of  force  in  springing  out  to  pass  through  the  iron 
core  must  cut  the  primary  coil  convolutions,  and  the  e.m.f.  thus 
set  up  is  in  such  a  direction  as  to  assist  the  primary  e.m.f.  in 
increasing  the  primary  current ;  and  conversely,  the  collapsing 
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secondary  lines  of  force  assist  the  reversal  of  the  primary  current. 
This  reaction  is  greatest  when  most  needed — that  is,  when  the 
secondary  circuit  resistance  is  least — because  then  the  secondary 
current  is  greatest,  and  it  causes  the  transformer  to  be  auto- 
matically self-regulating,  taking  up  power  in  the  primary  coil  as 
demanded  by  the  conditions  existing  at  the  moment  in  the 
secondary  circuit  It  will  be  seen  that  so  far  as  the  eddy  currents 
are  concerned  the  iron  core  may  be  treated  as  a  subsidiary 
secondary  coil,  and  it  will  then  be  easy  to  understand  how  the 
power  lost  in  eddy  currents  is  taken  up  by  the  primary,  because 
these  currents  react  to  increase  the  primary .  current  and  reduce 
the  lag  in  just  the  same  way  as  the  secondary  current  does. 

The  primary  impressed  e.m.f.  is  of  course  the  actual  cause 
of  the  results  obtained  with  a  transformer,  but  there  are  some 
advantages  in  starting  with  a  consideration  of  the  magnetisation 
changes  in  the  iron  core  and  in  working  backwards  to  the  impressed 
e.m.f.  and  forwards  to  the  secondary  current.  The  magnetisation 
of  the  core  is  continually  reversed — that  is  to  say,  it  periodically 
oscillates  between  a  positive  maximum  and  a  negative  maximum 
and  under  all  conditions  both  the  primary  and  the  secondary 
coils  embrace  and  are  being  cut  by  the  same  number  of  lines  of 
force.  This  cutting  produces  an  e.m.f.  in  each  coil  proportional 
in  value  to  the  number  of  convolutions  of  the  coil.  The  secon- 
dary e.m.f.  is  low  because  of  the  few  convolutions  in  the  secondary 
coil ;  the  primary  induced  e.m.f.  is  higher  and  in  exact  proportion 
to  the  ratio  of  the  convolutions  in  the  primary  as  compared  with 
the  secondary  coil.  Both  of  these  induced  e.m.f.'s  are  in  the 
same  direction  or  in  the  same  phase,  and  the  primary  induced 
e.m.f.  is  that  known  as  the  counter  or  back  e.m.f.  and  which  is 
necessarily  in  opposition  to  the  impressed  e.m.f.  If,  therefore, 
the  secondary  load  is  inductionless  as  in  the  case  of  incandescent 
lamps,  the  secondary  current,  secondary  e.m.f.  and  primary  back 
e.m.f.  will  be  similar  in  phase  and  all  900  behind  the  magnetisation. 
This  latter  result  follows  from  the  fact  that  when  the  magnetisation 
is  highest  (either  positive  or  negative)  the  rate  of  change  is  for 
an  instant  zero,  and  the  induced  e.m.f.'s  also  zero ;  while  the  rate 
of  change  and  the  induced  e.m.f.'s  are  at  a  maximum  just  when 
the  reversal  in  direction  of  the  lines  of  force  is  taking  place. 
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The  primary  back  e.m.f.  is  opposite  in  direction  to,  but  slightly 
behind,  the  impressed  e.m.f.  by  which  it  is  generated  ;  con- 
sequently the  secondary  e.m.f.  is  almost  exactly  opposite  in 
phase  to  the  primary  impressed  e.m.f.  The  primary  current  lags 
behind  the  impressed  e.m.f.,  to  a  varying  extent  depending,  as 
has  been  shown,  upon  the  secondary  current. 

The  magnetisation  of  the  iron  core  is  practically  the  same 
at  all  loads,  and  therefore  the  eddy  currents  and  iron  losses  are 
practically  constant ;  the  losses  by  heating  the  coils  vary  with 
the  square  of  the  current  strength  therein. 

On  account  of  the  excellent  regulating  properties  of  good 
transformers  when  worked  on  the  parallel  system,  this  system 
is  generally  adopted,  and  we  need  not  consider  the  practically 
extinct  series  system. 

We  may  distinguish  two  separate  systems  of  running  trans- 
formers in  parallel.  The  first,  known  as  the  distributed  trans- 
former system,  is  the  more  suitable  when  current  has  to  be  supplied 
to  a  number  of  separate  buildings  which  are  situated  at  some 
distance  one  from  the  other,  and  in  such  a  case  the  high-pressure 
mains  are  run  over  the  whole  district  and  led  into  each  building 
and  there  connected  to  a  separate  transformer  which  supplies 
that  building.  In  the  second,  or  sub-station  system,  the  high- 
pressure  wires  are  not  led  into  the  premises  to  which  current  is 
to  be  supplied,  but  a  small  number  of  sub-stations  are  arranged 
at  suitable  points,  in  which  several  transformers  may  be  placed, 
and  a  low-pressure  system  of  mains  can  then  be  taken  from  the 
sub-station  to  supply  the  buildings  in  the  neighbourhood.  This 
latter  system  is  only  economical  when  a  considerable  amount  of 
power  is  required  in  the  immediate  neighbourhood  of  each 
sub-station,  but  it  has  the  advantages  that  high-pressure  wires 
need  not  be  taken  into  the  consumers'  premises ;  large  transformers 
may  be  employed,  thus  reducing  first  cost  for  a  given  output; 
and  during  periods  of  light  load  the  greater  number  of  these 
transformers  may  be  switched  out  of  circuit,  thus  reducing  the 
iron-  and  copper-resistance  losses. 

Whichever  system  may  be  adopted,  the  loss  of  pressure  in 
the  primary  mains  becomes  considerable  at  full  load,  and  unless 
this  is  compensated  for,  the  lamps  at  a  distance  from  the  supply 


598  Electrical  Engineering  chat,  xm 

station  become  dim  at  full  toad  if  those  near  the  station  are 
supplied  with  the  proper  voltage.  With  a  view  to  enabling  a 
uniform  pressure  to  be  maintained,  it  is  the  practice,  instead  of 
supplying  the  whole  of  the  power  from  the  generating  station  by 
one  pair  of  mains  only,  to  form  the  high  pressure  mains  connected 
to  the  transformers  into  a  kind  of  network,  and  to  feed  this  net- 
work at  selected  points  by  pairs  of  mains  termed  '  feeders '  which 
are  connected  to  the  omnibus  bars  at  the  generating  station. 
It  is  manifest  that  the  longer  feeders  must  be  supplied  at  the 
station  end  with  a  higher  pressure  than  the  shorter  ones,  and  there 
are  several   methods  of  obtaining  this  regulation.     The   most 
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obvious,  but  at  the  same  time  the  most  uneconomical,  method 
is  to  maintain  the  omnibus  bars  at  the  pressure  required  by  the 
longest  feeder  and  reduce  the  pressure  in  the  shorter  feeders  by 
the  insertion  of  resistances,  or,  better  still,  '  choking  '  coils.  It  is 
evident,  however,  that  a  better  method  would  be  to  maintain  the 
omnibus  bars  at  the  pressure  required  by  the  shorter  feeder  and 
by  some  means  increase  the  pressure  in  the  longer  feeders, 
especially  if  this  increase  can  be  varied  to  suit  the  variations  of  the 
load.  Perhaps  the  best  device  for  accomplishing  this  is  that  known 
as  the  Stillwell  Regulator,  the  principle  of  which  will  be  under- 
stood from  fig.  29a     Here  A  represents  a  pair  of  feeders  supplying 
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the  network  at  a  point  near  the  station,  and  b  another  pair  supply- 
ing a  more  distant  point ;  the  regulator  is  placed  in  the  circuit  of 
the  latter  to  raise  the  pressure  therein  sufficiently  to  compensate 
for  the  loss,  and  to  maintain  the  pressure  at,  say,  2000  volts  at  the 
distant  end  of  the  feeder.  The  apparatus  consists  of  a  transformer 
whose  primary  coil  p  is  connected  to  the  omnibus  bars,  and  whose 
secondary  coil  s  is  joined  in  series  with  one  of  the  feeder  con- 
ductors. The  secondary  coil  is  divided  into  a  number  of  sections 
(five  are  shown  in  the  diagram),  and,  by  means  of  a  suitable  switch- 
ing arrangement  devised  to  minimise  sparking,  any  number  of 
sections  may  be  thrown  into  circuit.  In  the  present  instance 
three  sections  are  shown  in  circuit,  and  if  the  e.m.f.  of  the  whole 
secondary  coil  is  100  volts,  these  three  sections  would  add 
60  volts  to  the  feeder  pressure.  It  is  obvious  that  the  increased 
pressure  thus  obtained  can  be  varied  to  suit  the  load,  and  the 
required  variation  can  be  estimated  from  the  indications  of  an 
ammeter  placed  in  the  feeder  circuit  or  by  any  one  of  several 
other  ingenious  devices. 

'Choking  coils,'  to  which  reference  has  several  times  been 
made,  are  simply  coils  of  wire  provided  with  iron  cores  to  give 
them  considerable  self-induction.  They  are  frequently  placed  in 
an  alternating  current  circuit  for  the  purpose  of  reducing  the 
current  strength  therein,  or  in  order  to  cause  a  certain  reduction 
in  the  pressure  between  two  points.  Either  result  might  be 
attained  by  the  use  of  an  ordinary  resistance  coil,  as  in  the  case  of 
a  continuous  current,  but  a  great  advantage  attending  the  use  of 
a  choking  coil  is  that  less  energy  is  expended  in  producing  the 
desired  effect,  because,  as  the  coil  is  designed  to  have  very  great 
self-induction,  the  current  is  throttled  or  choked  back,  and  instead 
of  all  the  energy  being  expended  in  heating  the  conductor  (as 
would  happen  with  an  ordinary  resistance  coil)  the  greater  part  is 
given  back  in  the  same  way  that  the  primary  coil  of  a  transformer 
returns  power  to  the  primary  circuit.  The  iron  core  may  be  in 
any  form — either  a  straight  core  embraced  by  the  coil,  or  a 
number  of  sheet-iron  stampings  embracing  the  coil ;  the  usual 
methods  should  be  adopted  to  reduce  the  losses  by  eddy  currents 
and  hysteresis,  and  the  resistance  of  the  coil  should  be  kept  fairly 
low  in  order  to  keep  down  the  loss  in  heating  the  conductor,  and 
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in  this  way  the  desired  result  may  be  attained  with  but  little  expen- 
diture of  energy. 

It  is  frequently  necessary  to  have  some  means  of  varying  the 
self-inductive  effect  of  such  a  choking  coil,  and  this  may  readily 
be  done  in  either  of  two  ways.  The  first  is  by  varying  the  magnetic 
resistance  of  the  magnetic  circuit,  and  this  method  is  most  con- 
veniently adopted  when  the  core  consists  of  a  bundle  of  straight 
iron  wires  passing  through  the  coil.  It  will  be  evident  that,  by 
withdrawing  the  core  from  the  coil  to  a  greater  or  less  extent,  the 
self-inductive  effect  can  be  varied  within  wide  limits.  A  similar 
result  can  be  obtained  when  the  core  forms  a  complete  magnetic 
circuit  by  making  one  portion  of  it  movable.  The  second  method 
consists  in  the  provision  of  a  kind  of  secondary  circuit  in  the  shape 
of,  say,  a  cylinder  of  copper  which  can  be  made  to  slide  over  the 
coil  and  core  to  a  greater  or  less  extent  The  currents  induced  in 
this  secondary  circuit  reduqe  the  self-inductive  effect  exactly  in  the 
same  way  as  does  the  current  in  the  secondary  coil  of  a  trans- 
former, and  the  choking  coil  is  thus  most  effective  when  the  copper 
cylinder  is  placed  out  of  action,  and  least  effective  when  it  com- 
pletely embraces  the  coil. 

A  choking  coil  is  sometimes  employed  in  connection  with 
direct  currents.  In  such  cases  the  coil  must  be  wound  to  the 
proper  resistance  to  absorb  all  the  necessary  power  by  heating 
the  conductor,  and  the  advantage  resulting  from  the  self-inductive 
effect  is  only  obtained  at  the  moment  of  completing  the  circuit, 
when  it  prevents  a  sudden  rush  of  current  taking  place.  This 
point  is  of  some  importance  in  connection  with  the  resistance 
coils  which  are  frequently  used  in  series  with  arc  lamps,  as  will  be 
presently  described. 

Many  methods  have  been  proposed  for  the  measurement  of 
the  power  absorbed  in  a  circuit  containing  self-induction,  such  as 
the  primary  coil  of  a  transformer,  but  few  of  them  are  satisfactory. 
Perhaps  the  best  method  is  by  means  of  a  '  wattmeter.' 

A  wattmeter,  as  its  name  implies,  is  a  piece  of  apparatus 
which  when  suitably  calibrated  indicates  directly  the  power  ex- 
pended in  any  circuit  or  part  thereof.  Most  of  these  instruments 
are  based  upon  the  Siemens  dynamometer,  which  it  will  be  re- 
membered has  two  coils,  one  fixed  and  the  other  movable,  through 
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which  the  current  to  be  measured  is  generally  passed  in  series. 
It  was  pointed  out  when  describing  this  instrument  that  a  separate 
and  distinct  current  might  be  caused  to  flow  through  each  of  the 
coils,  and  although  the  currents  need  not  be  equal  in  strength, 
the  turning  effort  on  the  movable  coil  would  be  proportional  to 
the  product  of  those  two  currents.  Confining  ourselves  for  the 
moment  to  direct  currents  only,  we  may  suppose  one  coil  to  be 
joined  in  series  with,  say,  the  lamps  fed  by  a  direct-current  dynamo, 
and  the  other  coil  connected  across  the  terminals  of  the  dynamo. 
The  former  coil  would  then  carry  the  total  current  c  supplied  to 
the  external  circuit,  and  the  current  through  the  latter  coil  would 
be  directly  proportional  to  e,  the  difference  of  potential  at  the 
dynamo  terminals.  It  is  evident  that  the  turning  effect  on  the 
movable  coil  would  be  proportional  to  e  x  c — that  is  to  say,  to 
the  total  number  of  watts  being  expended  in  the  circuit  at  the 
moment — and  by  suit- 
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able  calibration  the 
watts  could  be  directly 
indicated  by  the  in- 
strument If  used  for 
such  a  purpose  the 
pressure  coil,  that  is 
the  coil  connected 
across  the  dynamo  terminals,  would  have  to  be  wound  with  fine  wire 
in  order  that  the  resistance  offered  might  be  sufficient  to  prevent  the 
pressure  being  altered  by  placing  the  instrument  in  circuit,  while 
the  other  or  series  coil  should  have  a  very  low  resistance  to  prevent 
.  any  change  being  made  in  the  current  strength  in  the  main  circuit. 
Now  such  a  wattmeter  may,  with  suitable  precautions,  be 
employed  to  measure  the  power  taken  up  by,  say,  a  choking 
coil  or  the  primary  coil  of  a  transformer  when  supplied  with  an 
alternating  current  In  fig.  291,  b  represents  a  coil  with  con- 
siderable self-induction  supplied  with  current  from  an  alternator  a, 
and  it  will  be  evident  that  if  the  fine  wire  or  pressure  coil  e  of  the 
wattmeter  be  joined  across  the  mains  as  shown,  the  current  therein 
will  be  proportional  to  the  pressure,  while  the  series  coil  c  being 
placed  in  the  main  circuit  will  take  all  the  current  supplied  to 
the  coil  b.     Further,  the  current  in  the  coil  b  lags  behind  the 
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impressed  e.m.f.  on  account  of  the  self-induction  of  that  coil,  and 
the  current  will  similarly  lag  through  the  series  coil  of  the  watt- 
meter. If,  therefore,  we  can  prevent  any  such  lag  in  the  pressure 
coil  of  the  wattmeter,  the  current  in  this  coil  will  keep  in  step 
with  the  e.m.f.,  and  the  turning  effect  on  the  movable  coil  will  be 
reduced  by  an  amount  depending  upon  the  lag  of  the  main  current 
behind  the  impressed  e.m.f.  The  instrument  can  thus  be  made 
to  indicate  the  true  power  taken  up  by  the  coil  b.  In  the  special 
case,  therefore,  when  pressure  and  current  are  in  quadrature,  the 
wattmeter  should  indicate  zero.  This  will  be  evident  from  a  con- 
sideration of  the  fact  that  when  the  current  in  one  coil  lags  900 
behind  that  in  the  other,  the  movable  coil  will  receive  four  brief 
impulses  during  each  alternation,  and  as  these  impulses  alternate 
in  direction  and  are  of  too  brief  duration  to  separately  affect  the 
coil,  the  coil  will  remain  at  rest.  When  the  two  currents  are 
in  step  with  each  other  the  coil  receives  two  impulses  in  each 
alternation,  both  in  the  same  direction. 

The  wattmeter  can  be  made  without  any  iron  and  without  any 
metallic  fittings  in  which  eddy  currents  may  be  induced ;  but  it 
is  evident  that  if  the  pressure  coil  consists  of  many  convolutions 
of  fine  wire  its  self-induction  will  still  be  considerable,  and  the 
current  therein  will  not  be  strictly  in  phase  with  the  impressed 
e.m.f.  This  difficulty  may  be  surmounted  by  making  the  pressure 
coil  a  few  convolutions,  and  inserting  in  series  with  it  a  high  non- 
inductive  resistance.  If,  however,  the  e.m.f.  were,  say,  2000  volts, 
such  as  is  frequently  applied  to  the  primary  coil  of  a  transformer, 
the  value  of  this  non-inductive  resistance  would  have  to  be  made 
very  high,  and  then,  in  addition  to  the  expense  and  inconvenience- 
of  working  with  such  a  high  pressure  direct  on  to  the  instrument, 
the  power  wasted  would  be  considerable,  because  a  fairly  strong 
current  must  be  made  to  flow  through  the  pressure  coil  in 
order  to  obtain  the  requisite  turning  effect  even  for  low  readings. 
In  such  a  case  the  proposal  made  by  Dr.  Fleming,  to  feed  the 
pressure  coil  from  the  secondary  circuit  of  a  small  subsidiary 
transformer,  is  a  good  way  out  of  the  difficulty.  This  arrange- 
ment of  the  apparatus  is  shown  in  fig.  292,  where  p  represents  the 
primary  coil  of  the  transformer  whose  power  absorption  it  is 
desired  to  measure,  c  the  series  or  current  coil  of  the  wattmeter, 
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second  Pressure  coil ;  the  latter  is  connected  direct  to  the 

coil  '    ■■         °f  the  Sma11  auxiliary  transformer  a,  whose  primary 

is  joined  across  the  mains.     Since  the  load  on  this  auxiliary 

transformer  will  always  be  light,  the  secondary  e.m.f.  will  always 

in  Jf>cna,II3r  ln  steP  with  the  impressed  E.M.F,  although  opposite 

behind*"     lhe  wattmeter  wil1  sf'"  indicate  the  lag  of  current 

to  JE  1 1  ♦    lmPressed  *•"•*■     B"t  it  would  obviously  be  difficult 

w  calculate  without  considerable  risk  of  error  the  exact  fraction  of 

ores™-"  C.I,rcuiAtiivolta«e  which  is  now  applied  to  the  wattmeter 

pressure  coil.     All  such  difficulties  are  overcome  by  standardising 


Fig. 
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induS  ~e-f  apParatus'  a"d  this  is  done  by  inserting  anon- 
misuZ, THCVn  P'aCC  °f  P' the  Prfmary  c°»  ™<*er  L,  and 
S?L;dependtntly  the  P°wer  a»>«»rbed  therein,  as  well  as 
ance  Is  S  °?-  **  rattmeter  for  this  P"-«    As  the  resist- 

meter  Lri^T-  H^  **  *  "°  ,a^  an  e,ectrostatic  ™* 
and  a  s£m^  "ld,Cate  the  virtual  volts'at  its  extremities, 

the  rsdrg  ins  obffiSSi10  measure  tws  known  power>  »d 

the  instrument  tamed  W,U  se™e  as  a  basis  for  standardising 
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CHAPTER  XIV 

SECONDARY   BATTERIES 

It  was  stated  when  describing  the  simple  cell,  that  its  great  draw- 
back, so  far  as  concerned  its  general  utility,  was  its  comparatively 
rapid  polarisation,  a  phenomenon  which  consisted  in,  or  rather 
resulted  from,  the  development  of  a  film  of  hydrogen  gas  upon 
the  surface  of  the  negative  plate.  This  hydrogen  being  an  electro- 
positive element,  a  counter  electro-motive  force  was  set  up,  and 
the  conditions  for  the  flow  of  a  counter-current  thereby  determined. 
But  chemical  reactions,  similar  to  those  which  take  place  inside  a 
battery  cell,  may  be  repeated  in  any  part  of  the  circuit  by  causing 
the  current  to  pass  through  suitably  arranged  metals  and  liquids. 
The  usual  method  of  performing  electro-chemical  experiments 
is  to  attach  metallic  or  carbon  plates  to  the  ends  of  the  wires 
connected  to  the  poles  of  the  battery,  and  then  dip  these  plates  in 
a  vessel  containing  the  liquid  upon  which  the  current  is  to  act. 
Thus,  if  the  ends  of  two  copper  wires  terminating  in  copper 
plates  are  connected  to  the  copper  and  zinc  poles  respectively  of 
the  battery,  and  placed  in  a  vessel  containing  acidulated  water, 
then  the  passage  of  a  current  will  cause  a  portion  of  that  water  to 
be  decomposed,  and  the  constituent  gases,  oxygen  and  hydrogen, 
to  be  released  from  their  state  of  combination.  The  hydrogen 
will  accumulate  on  the  surface  of  the  plate  connected  with  the 
zinc  pole,  while  the  oxygen  will  combine  with  the  other  plate,  just 
as  it  happened  with  the  zinc  plate  in  the  simple  cell.  If,  however, 
we  substitute  a  strip  of  platinum  for  the  copper  plate  connected 
with  the  copper  pole  of  the  battery,  the  liberated  oxygen  will  not 
enter  into  any  combination,  but  will  remain  in  a  gaseous  state,  a  large 
portion  of  it  rising  into  the  air,  and  the  remainder  adhering  to  the 
surface  of  the  platinum  or  entering  its  pores  and  becoming  in 
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a  measure  occluded  or  absorbed  by  it.  The  absence  of  chemical 
combination  between  the  platinum  and  oxygen  is  due  to  the  weak 
chemical  affinity  subsisting  between  those  two  simple  substances. 
By  observing  proper  precautions  the  two  gases  may  be  collected 
separately,  the  apparatus  for  the  purpose  of  producing  the  decom- 
position and  collecting  the  products  being  called  a  voltameter.  A 
serviceable  form  of  this  class  of  instrument  consists  of  three  vertical 
glass  tubes,  all  in  communication  at  their  lower  extremities,  the 
middle  one  being  taller  than  the  others  and  terminating  at  the  top 
in  a  small  reservoir,  to  keep  the  two  outer  tubes  supplied  with  solu- 
tion, and  to  prevent  the  liquid  overflowing  when  driven  from  them. 
Platinum  wires  are  fused  through  the  lower  ends  of  the  outer  tubes 
and  terminate  inside  in  strips  of  platinum  foil,  which  form  the 
electrodes,  their  outer  extremities  being  connected  to  terminals 
fixed  on  a  wooden  base.  Taps  are  ground  into  the  upper  portions 
of  the  outer  tubes,  affording  facilities  for  the  escape,  when  required, 
of  the  confined  gases.  On  sending  a  current  through  the  solution 
the  decomposition  of  the  water  takes  place,  the  oxygen  collecting 
in  one  of  the  outer  tubes  and  the  hydrogen  in  the  other,  accord- 
ing to  the  direction  of  the  current.  The  water  displaced  by  the 
gases  collecting  in  the  tubes  shows  readily  that  the  quantity  of 
hydrogen  evolved  is  always  twice  that  of  the  oxygen,  in  conse- 
quence of  the  fact  that  the  gases  unite  in  that  proportion  when 
combined  to  form  water.  If  the  platinum  electrodes  are  now  dis- 
connected from  the  battery  and  joined  up  to  a  galvanometer,  it 
will  be  seen  that  a  current  of  electricity  is  produced  by  the  volta- 
meter, but  that  the  direction  of  this  so-called  counter  or  secondary 
current  is  opposite  to  that  of  the  battery  or  primary  current  which 
caused  the  separation  of  the  gases. 

A  series  of  voltameters  is,  to  all  intents  and  purposes,  a  Grove's 
gas  battery,  each  cell  of  which  consists  of  two  tubes,  closed  at  the 
top  and  dipping  into  a  glass  vessel.  A  platinum  wire  is  fused  into 
the  upper  portion  of  each  tube,  and  carries  a  long  strip  of  platinum 
foil.  Assuming  the  current  from  the  battery  to  pass  through  the 
series,  oxygen  will  be  collected  on  one  set  of  electrodes,  while 
hydrogen  will  be  collected  on  the  other  set.  If,  after  the  current 
has  been  allowed  to  flow  for  some  little  time,  the  terminals  are 
connected  to  a  galvanometer,  a  current  will  be  observed  to  flow, 
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opposite  in  direction  to  the  charging  or  primary  current,  and  this 
reverse  or  secondary  current,  which  is,  after  ail,  only  the  effect 
hitherto  referred  to  as  polarisation  taking  place  under  favourable 
circumstances,  will  continue  to  flow  so  long  as  the  gases  remain  in 
contact  with  the  platinum.  As  a  matter  of  fact,  we  have  set  up  a 
secondary  battery  with  '  plates '  of  hydrogen  and  oxygen,  and  in 
maintaining  the  current,  the  hydrogen  in  one  set  of  tubes  combines 
with  the  oxygen  of  the  water,  forming  new  water  molecules,  while 
the  equivalent  hydrogen  eventually  released  from  the  water 
combines  with  the  oxygen  in  the  other  set  of  tubes.  This  action 
results,  therefore,  in  the  formation  of  water,  as  shown  by  the  very 
simple  equation  : — 

H2  +  OH2  +  O  =  OHa  +  OH2  =  2  OH2. 

We  see  here,  then,  an  exact  counterpart  of  the  action  that  takes 
place  in  a  primary  cell,  resulting  there  in  the  polarisation  of  the 
cell  and  the  tendency  to  generate  so-called  secondary  currents. 
The  difference  of  potential  or  electro-motive  force  between  the 
free  hydrogen  and  oxygen  is  1*47  volt,  and  this  is  a  measure  of 
the  force  of  chemical  combination  between  these  gases  ;  whence 
it  follows  that,  in  order  to  overcome  the  force  of  combination, 
and  therefore  to  decompose  the  water,  we  must  employ  for  each 
such  secondary  cell  an  electro-motive  force  exceeding  1  "47  volt 

Cells  in  which  the  energy  of  chemical  change  can  be  thus 
stored  up,  to  be  given  out  again  when  required,  in  the  form  of  an 
electric  current,  are  frequently  called  electrical  accumulators  or 
electrical  storage  cells.  It  is  not,  however,  electricity  which  is 
stored  or  accumulated,  but  rather  a  quantity  of  the  active  con- 
stituents of  a  cell,  and  it  is  the  subsequent  chemical  action  be- 
tween these  constituents  which  causes  the  flow  of  electricity.  It  is 
therefore  preferable  to  style  them  secondary  cells.  This  will  be  more 
apparent  when  it  is  remembered  that  an  exhausted  primary  cell  can 
have  a  current  sent  through  it  in  the  opposite  direction  to  that  in 
which  the  current  generated  by  it  would  flow,  and  this  current  will 
cause  the  usual  negative  plate  to  be  more  or  less  dissolved  and  the 
positive  plate  replenished,  setting  up  the  conditions  necessary  to 
the  re-establishment  of  a  primary  current  If,  for  example,  we 
suppose  a  powerful  reverse  current  to  be  urged  through  a  Daniell 
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cell  in  which  the  copper  sulphate  has  been  exhausted,  the  copper 
plate  will  be  partially  dissolved  and  copper  sulphate  re-formed, 
while  zinc  will  be  deposited  upon  what  remains  of  the  zinc  plate. 
The  cell  is  then  able  to  again  generate  a  current  of  its  own. 

Although  the  gas  battery  is  exceedingly  interesting,  as  a 
secondary  generator  it  is  not  a  practical  piece  of  apparatus,  for, 
on  account  of  the  limited  quantity  of  gas  which  can  be  accumulated 
and  rendered  available,  it  is  only  able  to  maintain  a  current  for  a 
very  short  space  of  time.  Many  experiments  have  therefore  been 
performed  to  determine  the  best  liquid  and  electrodes  (the  metal 
plates  immersed  in  the  liquid)  for  a  practical  form  of  secondary 
battery.  The  most  assiduous  and  successful  worker  in  this  field 
was  Plante,  and  the  result  of  his  labours  was  the  discovery  that 
lead  electrodes  in  a  solution  of  sulphuric  acid  give  the  best  results. 
Although  he  made  his  discoveries  as  far  back  as  i860,  no  more 
satisfactory  combination  has  since  been  devised.  He  found  that 
a  large  portion  of  the  oxygen  combined  with  the  plate  at  which 
it  was  released,  forming  an  insoluble  compound,  which  when 
opposed  to  a  clean  metallic  lead  plate  developed  a  potential 
difference  of  from  2  to  2*5  volts.  In  Planters  method  the  lead 
plates  employed  were  comparatively  large  in  area,  with  a  view  to 
increasing  the  amount  of  active  material  and  reducing  as  far  as 
possible  the  resistance  of  the  cell.  They  were  first  laid  one  over 
the  other,  but  separated  by  strips  of  non-conducting  material,  and 
then  rolled  up  together  in  a  kind  of  double  spiral.  In  this  way 
an  extensive  surface  was  presented  to  the  liquid.  On  sending  a 
primary  battery  current  through  the  cell,  from  plate  to  plate,  the 
water  was  decomposed,  the  oxygen  combining  with  the  metal  at 
the  positive  electrode  to  form  peroxide  of  lead,  Pb02,  while  the 
hydrogen  was  precipitated  upon  the  negative  electrode  in  the 
gaseous  form,  without  in  any  way  attacking  the  metal.  The  cell 
so  acted  upon  became  a  secondary  cell  in  which  the  negative 
electrode  acted  as  the  positive  plate,  being  a  sheet  of  lead  with  a 
partial  film  of  hydrogen  gas,  the  other  plate  or  positive  electrode 
with  its  film  of  insoluble  lead  peroxide  behaving  as  the  negative 
plate.  It  will  thus  be  seen  that  the  pole  of  the  secondary  cell 
which  is  connected  to  the  positive  pole  of  the  primary  generator, 
whether  a  battery  or  a  dynamo  machine,  becomes  the  positive  pole 
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of  the  cell  when  it  produces  its  secondary  current,  the  other 
extremity  becoming  perforce  the  negative  pole. 

On  permitting  the  reverse  or  secondary  current  to  flow,  what 
remained  of  the  hydrogen  was  oxidised  and  converted  into  water, 
some  of  the  subjacent  lead  being  also  oxidised  at  the  expense  of 
the  water.  On  the  other  hand,  the  peroxide  on  the  other  plate 
was  deoxidised  or  reduced  to  metallic  lead,  in  a  '  spongy '  form. 
These  experiments  can  be  very  easily  performed  by  sending  for 
a  short  time  a  current  from  three  or  four  good-sized  Daniell  cells 
through  a  vessel  containing  two  pieces  of  sheet  lead  immersed  in 
sulphuric  acid  solution.  The  piece  connected  to  the  copper  pole 
of  the  battery  will,  after  the  passage  of  the  current,  assume  a 
brownish  tint,  owing  to  the  partial  oxidation  of  the  surface  of  the 
metal,  while  the  piece  connected  to  the  zinc  pole  will  assume 
the  greyish  colour  characteristic  of  clean  metallic  lead.  It  should 
be  noted  that  when  the  lead  is  first  placed  in  the  cell  its  surface 
is  dulled  by  an  oxide  film,  and  the  oxygen  contained  therein 
speedily  enters  into  combination  with  the  liberated  hydrogen  to 
form  water,  thereby  leaving  a  clean  metallic  surface.  The 
amount  of  chemical  change  taking  place  during  these  reactions 
is,  owing  to  the  limited  extent  of  the  surfaces,  very  small,  and 
consequently  when  these  lead  strips  are  connected  direct  to 
a  low  resistance  galvanometer,  they  will  yield  a  current  of  but 
brief  duration.  The  amount  can,  however,  be  increased  by  aug- 
menting the  lead  surfaces  (as  Plante  did),  and  by  prolonging 
the  time  during  which  the  primary  battery  is  joined  to  the  lead 
strips. 

Returning  to  Planters  work,  it  was  found  by  him  that  after 
sending  the  initial  primary  current  through  the  secondary  cell 
for  some  time,  and  thereby  nearly  covering  the  surface  of  the 
positive  electrode  with  a  film  of  the  peroxide,  the  oxygen  released 
from  the  water,  instead  of  continuing  to  combine  with  the  lead, 
formed  into  bubbles  and  escaped  into  the  air.  There  was  thus 
for  a  given  metallic  surface  a  limit  to  the  amount  of  peroxide  that 
could  be  formed.  In  order  to  increase  this  amount,  the  cell  was 
allowed  to  discharge  itself  by  generating  a  secondary  current, 
which,  as  we  have  already  learned,  flowed  in  the  reverse  direction 
to  the  charging  current.     The  consequence  was  that  the  lead 
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plate,  acting  as  the  positive  of  an  ordinary  cell,  combined  with 
oxygen,  while  the  other  plate  which  had  previously  absorbed  a 
quantity  of  oxygen  became  deoxidised,  and  was,  as  we  have 
already  indicated,  reduced  to  the  condition  of  spongy  lead,  with 
a  proportionally  increased  surface.  A  fresh  direct  or  *  charging ' 
current  on  being  sent  through  the  cell  again  oxidised  this 
extended  lead  surface,  and  in  its  turn  reduced  the  negative  sur- 
face to  the  spongy  lead  state.  These  reversing  operations  being 
continued  for  some  time,  both  positive  and  negative  surfaces 
were  eventually  very  considerably  increased  by  the  plates  being 
rendered  more  or  less  porous,  one  of  them,  however,  being 
always  in  a  state  of  oxidation.  After  a  few  days  a  period  of 
rest  was  allowed  to  intervene  between  the  reversals,  and  during 
these  periods  the  *  formation '  of  the  plates  was  developed  in  a 
remarkable  way  by  *  local  action.'  Dealing  first  with  the  period 
of  rest  after  the  passage  of  a  charging  current,  the  lead  peroxide 
on  the  charged  positive  plate  did  not  form  a  continuous  imper- 
vious coating  over  the  plate,  but  allowed  the  solution  to  pass 
between  its  particles  and  come  into  contact  with  the  metallic  lead. 
The  peroxide  being  at  places  also  in  direct  contact  with  the  lead, 
a  simple  voltaic  pair  was  thus  established,  with  the  lead  for  the 
positive  and  the  peroxide  for  the  negative  elements.  The  acid 
attacked  the  lead  and  formed  lead  sulphate  (PbS04),  which  is 
but  a  poor  conductor  of  electricity  ;  some  of  the  peroxide  was  at 
the  same  time  reduced  to  a  lower  form  of  oxide,  probably  the 
monoxide  PbO.  The  amount  of  lead  actually  affected  was  thus 
increased,  and  the  porosity  of  the  plate  gradually  made  more  and 
more  complete.  In  a  somewhat  similar  way  the  surface  of  the 
negative  plate  was  attacked  during  the  interval  of  rest  following 
a  discharge,  and  the  lead  oxide  distributed  over  the  surface  of  the 
plate  was  in  turn  converted  to  lead  sulphate.  Lead  being  positive 
to  its  oxides,  the  pure  metal  would  be  attacked,  during  the  local 
action  that  would  ensue,  and  the  sulphating  is  therefore  easily 
accounted  for.  The  development  of  the  lead  sulphate  on  the 
plates  would  not,  however,  increase  the  'charge'  given  to  the 
cell ;  in  fact,  if  the  cell  were  left  idle  for  a  considerable  time,  it 
would  be  eventually  discharged  by  the  gradual  conversion  of  both 
the  plates  into  lead   sulphate.      During  the  'forming'  process, 

R  R 


610  Electrical  Engineering  chap,  xiv 

however,  the  development  of  the  sulphate  would  be  advantageous, 
as  it  has  the  effect  of  increasing  the  amount  of  lead  surface 
available  for  subsequent  charging  and  discharging.  It  will  be 
seen  that  the  process  of  forming  the  plates  might  have  been  con- 
tinued until  the  whole  of  the  lead  became  porous  by  its  conversion 
into  spongy  lead;  but  there  is  a  practical  limit  to  the  action,  for  if 
pursued  too  far,  the  plate  would  fall  to  pieces,  simply  on  account 
of  its  inability  to  mechanically  support  itself. 

The  plates  having  been  once  formed,  no  further  reversal  is 
effected  excepting  for  the  purpose  of  discharging  the  cell  to  per- 
form useful  work. 

This  method  of  forming  the  plate  is,  however,  very  tedious 
and  very  expensive,  and  many  efforts  have  been  made  to  over- 
come the  objection.  One  method 
is  to  subject  the  lead  to  a  nitro- 
sulphuric  acid  solution  which 
rapidly  eats  into  the  metal,  and, 
rendering  it  more  or  less  spongy 
or  porous,  increases  its  surface 
correspondingly.  In  another 
method  the  lead  is  in  the  form 
of  corrugated  thin  lead  strips 
about  three-eighths  of  an  inch 
wide,  piled  upon  one  another, 
so  that  when  a  leaden  frame  is  cast  round  them  they  form  a 
plate  three-eighths  of  an  inch  thick,  and  of  any  desired  length 
and  breadth. 

Another  form  of  lead  plate  consists  of  a  single  corrugated  or 
grooved  lead  casting,  the  cross-section  of  a  portion  of  one  of 
these  plates  being  illustrated  on  a  considerably  enlarged  scale  in 
fig-  293-  The  effect  of  these  corrugations  is  to  present  to  the 
solution  a  much  larger  surface  than  would  be  obtained  with  a 
smooth  solid  plate  of  the  same  external  dimensions.  The  castings 
are  by  some  makers  'boiled'  in  a  weak  nitric  acid  solution  prior 
to  'forming,'  in  order  to  still  further  increase  the  surface,  the 
subsequent  treatment  being  exclusively  electrical.  The  plates 
are  immersed  in  a  sulphuric  acid  solution,  and  the  passage  of 
the  charging  and  discharging  currents  causes  the  usual  spongy 
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formation  as  shown  in  the  figure,  but  the  lead  peroxide  and  spongy 
lead  thus  formed  adhere  to  the  solid  metal,  and  the  consequent 
durability  under  rough  or  heavy  usage  is  one  of  the  chief 
advantages  of  this  type  of  cell.  It  should  further  be  noticed  that 
the  continuity  of  the  solid  metal  involves  a  correspondingly  low 
and  uniform  resistance. 

Lead  plates  pure  and  simple,  when  formed  by  the  electrical 
process,  are  often  known  as  Plante  plates,  but  a  type  of  cell 
more  frequently  employed  is  that  which  is  based  upon  the 
principle  which  Faure  enunciated  in  1880,  which  was  to  coat 
the  plates  with  a  paste  of  lead  oxide  and  acid,  and  so  to  more 
easily  facilitate  the  extension  of  the  lead  surface.  A  mixture  of 
sulphuric  acid  and  minium  or  red  lead  (Pb304)  was  made,  which 
resulted  in  the  formation  of  a  paste  of  lead  sulphate  (PbS04). 
This  was  applied  to  both  the  positive  and  negative  plates,  that 
on  the  plate  in  connection  with  the  positive  pole  of  the  dynamo 
being,  by  the  charging  current,  converted  into  peroxide  of  lead 
by  the  absorption  of  oxygen,  while  the  paste  on  the  other  plate 
was  reduced  more  or  less  completely  to  the  condition  of  spongy 
lead.  In  this  way  the  active  surface  speedily  becomes  considerable, 
and  it  will  be  seen  that  the  great  value  of  Faure's  invention  is 
to  minimise  the  amount  of  energy  required  to  be  expended 
electrically  as  well  as  the  time  occupied  in  forming  the  plates. 

It  is  now  the  general  practice  with  '  pasted '  plates  to  employ 
a  paste  of  litharge  (PbO)  and  acid  for  the  plate  connected  to  the 
negative  pole,  the  employment  of  this  oxide  involving  a  smaller 
expenditure  of  energy  in  deoxidising  than  would  be  involved  in 
the  reduction  of  a  higher  oxide.  In  all  cases,  however,  whether 
lead  plates  or  pasted  plates  are  employed,  the  ultimate  result  of 
the  initial  charging  is  the  same,  viz.  the  conversion  of  a  portion  of 
the  positive  plate  into  peroxide,  and  of  the  negative  plate  into 
spongy  lead. 

The  Faure  pastes  adhere  somewhat  feebly  to  the  lead  plate, 
and  many  devices  have  been  attempted  to  secure  better  adhesion. 
One  of  the  earliest  plans  was  to  score  or  scratch  the  lead 
surface.  Then  it  was  indented,  the  indentations  developing 
subsequently  into  perforations.  The  paste,  on  being  squeezed 
into  the  holes,  certainly  kept  its  position  much  better  than  when 
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simply  smeared  over  the  roughened  surface  of  the  lead,  but  the 
quantity  of  paste  exposed  to  the  liquid  was  reduced.  Eventually 
lead  grids  were  cast  of  various  designs  but  all  containing 
sufficient  metal  to  bear  the  weight  of  the  complete  plate.  The 
Electrical  Power  Storage  Company  were  the  pioneer  makers  of  cells 
with  pasted  plates.  The  grids  have  undergone  a  variety  of  changes, 
but  we  are  able  to  give  illustrations  of  a  number  of  the  designs 
which  for  the  various  purposes  are  now  standard  patterns.  Fig.  294 
is  a  full-size  section  of  one  of 
the  positive  plates  of  the  so- 
called  L  type,  in  which  it  will 
be  noticed  that  the  holes  are 
square  and  somewhat  pyra- 
midal— that  is  to  say,  smaller  in 
the  middle  of  the  plate  than 
on  the  surfaces,  the  object 
being  to  prevent,  as  far  as 
possible,  the  peroxide  from 
falling  out  The  negative 
grid  is  somewhat  similar  in 
design,  the  difference  being 
that  the  plate  is  a  little  thinner 
and  the  holes  a  trifle  larger 
than  in  the  positive  plate,  as 
may  be  seen  from  fig.  295. 
In  this  form  of  plate,  when 
properly  treated,  the  pellets  gradually  get  harder,  until  ultimately  it 
is  difficult  to  detach  them.  An  illustration  of  the  L  type  of  cell 
is  given  in  fig.  296.  A  number  of  pasted  grids  are  used,  the 
number  varying  with  the  size  of  the  cell,  but  always  with  one 
negative  plate  in  excess  of  the  number  of  positive  plates.  The 
negative  and  positive  plates  are  placed  alternately,  so  that  by 
employing  a  negative  plate  in  excess  of  the  number  of  positives, 
the  two  outer  plates  are  negative,  and  there  is  a  negative  facing 
each  side  of  every  positive.  The  negative  plates  are  all  connected 
together,  and  so  also  are  the  positive,  the  object  of  having  a  large 
number  of  plates  being,  of  course,  to  increase  the  capacity  of  the 
cell,  and  to  reduce  its  internal  resistance,  without  resorting  to  the 
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use  of  inconveniently  large  plates.  Each  positive  grid  measures 
about  %\x<)\  inches,  and  is  ,:'rt  inch  thick,  the  weight  being 
about  5  lb. 

The  lead  grids  are  provided  with  massive  lugs  for  the  purpose 
of  connection,  the  lugs  of  the  positive  plates  being  all  melted  or 
cast  on  to  one  leaden  strip  or  band,  the  lugs  of  the  negative  plates 
being  similarly  secured  to  another  strip.  The  distance  between 
two  adjacent  plates  is  about  a  quarter  of  an  inch,  which  is  usually 
sufficient  to  allow  pieces  of  the  plates  or  paste  that  may  become 


detached  to  fall  to  the  bottom  of  the  cell.  Bent  strips  or  forks  of 
ebonite,  celluloid,  or  other  suitable  material,  are  placed  between 
the  plates  to  keep  them  apart  and  prevent  internal  contact.  The 
negative  plates  in  each  cell  are  also  held  rigidly  together  by  means 
of  two  stout  strips  of  lead  melted  on  to  solid  extensions  from  the 
lower  edges,  two  others  being  also  secured  to  the  sides  of  the 
plates  about  half-way  up.  These  connecting  strips,  one  of  which 
is  shown  at  the  left-hand  side  of  the  figure,  serve  as  a  further 
means  of  keeping  the  negative  plates  in  position.  The  bottom 
strips  rest  on  slabs  or  strips  of  paraffined  or  varnished  wood,  so  as 
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to  support  them  at  a  height  of  aboutjij  inch  above  the  bottom  of 
the  containing  cell,  affording  thereby  plenty  of  room  for  any  scale 
or  pellets  that  may  fall  to  the  bottom  to  lie  clear  of  the  plates. 
Lugs  cast  on  to  the  edges  of  the  positive  plates  rest  in  small  ebonite 
shoes,  which  are  supported  by  the  side-strips  of  lead  attached  to 
the  negative  plates.  The  positives  are  also  connected  together 
across  the  top  by  the  substantial  lead  strip  shown  a  little  to  the 


right  of  the  middle  of  the  upper  edges  of  the  plates.  The  con- 
necting strip  to  be  seen  on  the  left  is  melted  on  to  projections 
from  the  corners  of  the  plates,  consequently  they  can  be  readily 
lifted  out  of  the  cell,  without  necessitating  the  removal  of  the 
negative  plates.  The  largest  cell  of  this  type,  which  is  primarily 
intended  for  electric  lighting  work,  contains  thirty-three  plates 
(sixteen  positive  and  seventeen  negative)  and  has  a  maximum 
discharge    rate   of   sixty-four   amperes   and   a   total    capacity   of 


obap.  xiv  Insulators  6 1 5 

704  ampere-hours.    The  discharge  rate  for  L  type  cells  is  four 
amperes  per  positive  plate. 

The  containing  vessels  are  best  made  of  stout  glass,  an 
opportunity  being  thus  afforded  for  the  proper  inspection  of  the 
cell,  without  taking  it  to  pieces  or  removing  the  plates.  The 
upper  portion  of  the  outer  surface  of  the  glass  vessel  should  be 
coated  with  wax,  vaseline,  or  some  such  material,  to  prevent 
'creeping'  and  the  partial  short-circuiting  of  the  cells  by  means 
of  the  continuous  film  of  moisture  that  would  otherwise  condense 
over  the  whole  of  the  external  surface.  When  the  cells  are 
contained  in  glass  boxes,  the  boxes  should  be  bedded  in  sawdust 
contained  in  a  varnished  wooden  tray.  Each  tray  should  stand 
on  a  number  of  special  insulators  (not  less  than  four),  according 
to  the  size  of  cell.  The  insulator  is  of  the  so-called  Mushroom 
pattern,  and  a  perspective  view  as  well  as  a  cross-section  of  c 


of  these  insulators  is  given  in  fig.  297.  The  channel  in  the 
lower  cup  contains,  as  shown  in  the  sectional  view  of  the  in- 
sulator, a  quantity  of  resin  oil  or  of  some  other  non-evaporating  oil, 
in  which  the  upper  cup,  coated  with  shellac  varnish,  rests. 

The  cells  should  not  be  quite  in  contact,  but  fairly  close 
together,  and  the  connections  made  either  by  '  burning '  or 
melting  the  lead  strips  of  adjacent  cells  together,  or  by  clamping 
them  firmly  in  a  special  form  of  lead  or  brass  terminal.  When 
the  latter  method  is  resorted  to,  and  brass  connecters  are  used,  the 
connection  should  be  painted  over  with  vaseline,  to  protect  the 
brass  against  the  corrosive  action  of  the  acid,  which,  when  the  cell 
is  well  charged,  sprays  up  considerably.  This  arises  from  the 
phenomenon  known  as  boiling,  and  referred  to  on  page  630. 
The  gas-bubbles  in  their  hurry  to  escape  from  the  solution  carry 
with  them  minute  quantities  of  acid,  but  sufficiently  numerous  to 
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impregnate  the  atmosphere,  and  make  it  very  unpleasant  for  any 
one  entering  a  room  where  a  battery  is  being  charged  and  is 
at  about  its  maximum  voltage.  In  order  to  reduce  this  spraying 
as  much  as  possible  a  loose  sheet  of  glass  is  placed  in  each  cell 
in  an  inclined  position  on  the  top  of  the  plates,  so  that  the  spray 
striking  against  the  glass  is  arrested,  and  the  liquid  accumulating 
in  bubbles  runs  down  the  glass  and  back  to  the  cell. 

The  positive  pole  of  one  cell  is,  of  course,  connected  to  the 
negative  of  the  next,  and  so  on.  The  positive  connecting  strips  are 
usually  painted  red  for  the  purpose  of  distinction.  All  wires  should 
be  as  short  and  of  as  low  resistance  as  possible,  so  as  to  avoid  un- 
necessary waste  of  energy  in  overcoming  the  resistance  of  the 
connections.  The  resistance  of 
secondary  cells  is  very  low,  the 
current  obtained  from  them  is 
usually  heavy,  and,  as  we  have 
indicated  on  a  previous  page,  it 
often  happens  that  the  connections 
offer  more  resistance  than  do  the 
cells  themselves. 

It  very  frequently  happens  that 
it  is  required  that  a  cell  or  a  battery 
shall  be  capable  of  receiving  a  com- 
paratively small  charge  maintained 
for  a  long  time,  and  of  discharging 
at  a  comparatively  heavy  rate  for  a 
correspondingly  shorter  period.  For  example,  it  would  often  be 
found  convenient  if  a  battery  of  L  cells  with  33  plates  in  each 
could  receive  its  maximum  charging  current  of  46  amperes  for 
a  period  of  10  or  11  hours,  and  then  give  out,  in  discharging 
a  current  of,  say,  90  amperes.  This  could  no  doubt  be  done 
as  a  matter  of  emergency,  but  if  it  were  made  the  general 
practice  the  result  would  in  all  likelihood  be  disastrous,  because 
when  the  discharge  rate  is  excessive  the  active  material  expands, 
and  there  would  in  the  case  of  grids  such  as  are  used  in  L  type 
cells  be  a  tendency  to  split  the  pellets  and  dislodge  the  peroxide. 
In  view  of  the  necessity  for  making  provision  for  heavy  discharge 
rates  another  form  of  grid  has  been  designed.     A  full-size  section 
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of  one  of  these  grids  is  given  in  fig.  298.  It  will  be  observed 
thai  there  is  a  solid  lead  backing  of  considerable  substance,  and 
series  of  substantial  lead  ridges  or  shelves  are  provided  to  carry 
the  peroxide.  As  the  risk  of  splitting  or  disintegration  is  obviously 
very  much  reduced,  the  cells  may  be  worked  with  safety  at  a 
correspondingly  higher  rate,  plate  for  plate.  The  cell  containing 
grids  of  this  form  for  the  positive  plates  is  known  as  the  W  S  type. 
The  grid  is  of  about  the  same  area,  but  is  nearly  twice  the  thick- 
ness of  the  positive  grid  used  in  the  L  cell,  and  the  negative  grid, 
illustrated  in  fig.  299,  is  correspondingly  thicker  and  heavier  than 
the  L  negative  grid. 
Glass  tubes  are  used  for 
separators,  and  are  held 
in  position  both  at  the 
top  a'nd  bottom  of  the 
cell.  Glass  tubes  are 
extensively  used,  and 
they  have  two  advan- 
tages, for  they  cannot 
bend  and  they  are  trans- 
parent. Of  course  the 
W  S  cell  can  be  dis- 
charged at  any  rate 
below  its  maximum,  and 
it  will  not  be  surprising 
to  leam  that  as  we 
increase  the  rate  of 
discharge  we  simul- 
taneously reduce  the  total  output  or  efficiency.  Cells  of  the  W  S 
type  may  with  safety  be  discharged  at  rates  varying  from  8  amperes 
per  positive  plate  when  discharged  in  seven  hours,  to  15  amperes 
per  plate  when  the  discharge  is  completed  in  two  hours.  The 
cell  with  23  plates  may  be  charged  with  a  maximum  current  of 
124  amperes,  but  the  most  economical  and  effective  rate  is  only 
one  half  of  this  maximum,  and  it  may  be  interesting  to  note 
that  a  fully  charged  cell  can  on  discharge  yield  a  current  of 
88  amperes  for  seven  hours,  or  a  total  output  of  616  ampere- 
hours.     If  discharged  at  132   amperes,  the  cell  is  exhausted  in 
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three  and  a  half  hours,  or  a  total  of  462  ampere-hours,  while  if 
discharged  completely  in  two  hours,  the  rate  is  165  amperes,  or 
a  total  output  of  only  330  ampere-hours.  The  drop  in  efficiency 
is  very  instructive. 

The  maximum  working  rate  of  the  largest  cell  of  the  W  S  type 
is  r8o  amperes,  but  for  central  station  and  other  similar  heavy  work 
a  higher  rate  is  required.  To  meet  such  demands,  another  type 
of  cell,  known  as  the  P  or  power-station  type,  is  manufactured. 
The  positive  plate  is  similar  in  section  to  that  illustrated  in  fig.  298, 
but  is  much  stouter  and  supports  a  considerably  greater  amount 
of  paste,  and  the  negative  grid  bears  some  resemblance  to  the  grid 


).  The  cell  is  enclosed  in  a  wood  box  lined 
with  lead,  the  lead  being  brought  over  the  top  of  the  box  and 
turned  down  about  half  an  inch  all  round  on  the  outside  to  prevent 
the  creeping  of  the  solution  and  the  consequent  leakage  of  the 
current.  The  cell  has  been  designed  to  give  a  discharge  ranging 
from  a  continuous  discharge  at  the  rate  of  15  amperes  per  positive 
plate  for  seven  hours  to  50  amperes  for  one  hour.  It  will  here 
again  be  seen  that  the  capacity  of  the  cell  at  the  slower  rate  is 
about  twice  hs  great  as  at  the  maximum  rate.  The  largest  cell 
made  by  the  company  is  that  known  as  the  O  K  type,  which  is 
made  up  in  boxes  or  crates  of  lead  alloy  and  is  supported  by  slate 
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trays.    The  positive  plates  are  either  of  the  Plante  or  of  the  pasted 
pattern ;  the  former  is  illustrated  in  fig.  300,  and  the  grid  of  the 
latter  in    fig.   301.      The 
increase  in  the  surface  of 
the   metal  to   be  oxidised 
in  the  case  of  the  Plante 
plate  is  enormous,  and  in 
course  of  time  a  very  large 
percentage  of  the  material 
of  the  ridges  will  be  con- 
verted into  peroxide.    The 
pasted  plate  is  similar  in 
design  to  that  used  in  the 
W  S  cell,  but  it  is  very  much 
heavier,    and    it    will    be 
noticed     that     additional 
strength  is  given  to  it  by  means  of  a  number  of  vertical  wet 
at  intervals   of  an   inch.      The   negative  grid  is  illustrated  i 
fig.  302.     In  this  case  the 

grid    is    very    open.      In  _         -----  ^^ 

design  it  consists  of  a  pair 
of  light  gratings  with  a  num- 
ber of  horizontal  shelves 
between  them  and  extend- 
ing the  whole  length  of  the 
plate.  A  very  large  quan- 
tity of  paste  can  obviously 
be  stored  in  such  a  grid, 
and  in  no  case  is  the 
difference  in  the  require- 
ments for  the  positive  and 
negative  plates  so  well 
pourtrayed  as  in  this  case. 
Were  such  a  grid  as  that 
depicted  in  fig.  302  used 
lor  a  positive  plate  it  would 
undoubtedly  fall  to  pieces  in  a  very  short  time.  The  grid  is 
about   half   the  thickness    of   the    positive  grid   illustrated   in 
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fig.  301.  These  cells  are  designed  for  large  power  stations, 
more  particularly  where  floor  space  is  restricted  The  largest 
cell  of  the  type  has  41  plates,  20  positive  and  21  negative.  It 
measures  1  ft.  11^  in.  long  by  3  ft.  8  in.  wide.  The  height  of 
the  box  is  2  ft.  5  £  in.,  and  the  height  of  the  cell  over  all,  including 
tray  and  insulators,  is  2  ft  \o\  in.  When  filled  with  solution  it 
weighs  28501b.  The  maximum  charging  current  is  1000  amperes, 
the  most  economical  being,  as  in  the  case  of  the  other  rapid 
discharge  cells,  one  half  of  the  maximum.  The  discharge  rates 
are  700  amperes  for  seven  hours,  n  00  amperes  for  three  and  a 
half  hours,  and  2000  amperes  for  one  hour.  These  figures  repre- 
sent 35,  55  and  100  amperes  per  positive  plate,  and  total  outputs 
of  4900,  3850  and  2000  ampere-hours  respectively.  Thus  it  is 
again  shown  that  the  capacity  of  the  cell  at  the  slowest  of  these 
rates  is  more  than  twice  as  great  as  at  the  maximum  rate,  and  once 
more  the  figures  emphasise  the  fact  that  the  slower  the  rate  of  dis- 
charge, the  greater  is  the  amount  of  energy  which  is  given  back  by 
a  cell.  Similarly  the  most  economical  rate  of  charging  is  one-half 
of  the  maximum  rate,  because,  among  other  things,  at  the  maximum 
rate  oxygen  is  released  faster  than  it  can  be  absorbed,  and  the 
cell  boils  prematurely. 

There  are  many  other  types  of  cell  designed  for  a  variety  of 
purposes,  amongst  which  we  may  mention  the  propulsion  of  road 
vehicles,  cases  in  which  the  cells  have  to  be  made  up  in  a  port- 
able form.  Fig.  303  illustrates  a  form  of  cell  of  this  kind  con- 
structed for  train  lighting.  It  is  enclosed  in  a  teak  box  lined  with 
lead,  and  contains,  to  suit  different  requirements,  either  nine  or 
fifteen  plates  separated  by  celluloid  forks.  Sometimes,  in  order 
to  further  reduce  the  risk  of  contact  and  short-circuiting  between 
adjacent  plates,  thin  perforated  celluloid  sheets  are  interposed 
between  them.  Connection  between  adjacent  cells  is,  of  course, 
made  externally,  rods  attached  to  the  connecting  strips  passing 
through  the  covers  for  the  purpose.  Connecting  rings  fit  on  to 
these  rods,  through  slots  in  which  wedges  are  driven  to  secure  good 
electrical  contact,  the  rings  of  adjacent  cells  being  joined  together 
by  stout  wires  or  rods.  The  peculiar  shape  of  the  forks  shown 
in  fig.  303  should  be  noticed. 

When  the  work  which  a  particular  battery  is  called  upon  to 
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perform  increases  so  far  as  to  exceed  its  capacity,  it  becomes  a 
question  whether  the  battery  should  be  replaced  by  one  of  larger 
capacity,  or  whether  a  second  similar  battery  should  be  provided 
and  joined  in  parallel.  The  course  to  be  adopted  depends  very 
largely  upon  the  circumstances,  but  if  the  plates  are  old  or  in  bad 
condition  it  will  generally  be  found  more  satisfactory  to  replace 
the  cells  by  others  of  larger  capacity.  When  the  circumstances  are 
such  that  parallelling  is  decided  upon  as  being  the  more  desirable, 
it  should  be  remembered  that  there  are  two  ways  of  effecting  this, 
One  is  to  join  the  terminals  of  the  two  complete  batteries  together, 


and  although  this  is  the  more  satisfactory  method,  some  difficulty 
is  usually  experienced  in  keeping  the  two  sets  at  a  common  poten- 
tial difference.  In  order  to  ensure  that  the  two  shall  be  equally 
worked,  a  separate  ammeter  should  be  inserted  between  one  ter- 
minal of  each  set  and  the  point  where  the  two  sets  are  joined 
together.  The  other  method  is  far  less  satisfactory,  and  consists 
in  joining  the  cells  in  parallel  in  pairs,  and  then  joining  the  various 
pairs  in  series.  It  should  be  evident  that  it  is  almost  impossible 
to  maintain  each  pair  of  cells  at  a  common  potential  (indeed  it  is 
not  always  easy  to  ensure  this  in  the  case  of  the  various  plates  in 
any  one  cell),  and  when  this  is  not  done  a  wasteful  expenditure  of 
energy  must  ensue. 
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A  few  details  concerning  some  of  the  various  types  of  E.  P.  S. 
cells  will  doubtless  prove  of  service.  In  the  subjoined  table,  L 
indicates  cells  for  lighting  and  general  purposes,  W  S  a  high  dis- 
charge type  for  general  purposes  where  an  occasional  heavy  current 
is  required  for  short  periods,  P  a  large  cell  for  power  purposes, 
O  K  the  largest  type  for  central  station  work,  W  T  a  special 
type  for  ship  lighting,  C  for  train  lighting,  T  for  tram-cars  &c,  and 
Q  a  class  of  cell  serviceable  for  small  work,  such  as  testing. 


Description 
of  Cell 


No.  of 
Plates 


( 


L  33   { 

WS15 
WS25 

WS115 

1  P25 

1  P57 
OK  25 

OK  41 
WT15 

WT33 


T15 
C15 

Q  3 
g  21 


\ 


Material 
of  box 


Teak 
Glass 
Teak 
Glass 
Glass 
Gla*s 
Teak 
Teak 
Teak 
Lead 
Lead 
Teak 
Teak 
Teak 
Ebonite 
Teak 
Teak 
Teak 


Working  Rate 


Charge 
Amperes 


25  to  30 

25  to  30 

54  to  64 

541064 

40  to  80 

67  to  135 

303  to  605 

150  to  300 

350  to  700 

300  to  600 

500  to  IOOO 

40  to  80 

90  to  180 

24  to  28 

24  to  28 

12  tO  14 

•5  to  1 -3 
10  to  13 


Discharge 
Amperes 


1  to  30 

1  to  30 

1  to  64 

1  to  64 

56  to  105 

96  to  180 

440  to  825 

180  to  600 

420  to  1400 

420  to  1200 

700  to  2000 

56  to  105 

128  to  240 

1  to  30 

1  to  30 

1  to  14 

1  \\ 

'3 


Approximate 

• 
& 

Capacity 

External 

Acid 

_£ 

Dimensions 

I'aoo 

sp.  gr. 

t 

fo? 

0  * 

Ampere- 
Hours 

M 

e     1 
in. 

"2 

5-      Height 
•     |   over  all 

each 

cell 

lb. 

1  Weight 
plcte 

in. 

ib. 

330 

9i 

13* 

20* 

40 

'5* 

330 

9? 

I3. 

18 

5» 

14a 

704 

2o| 
20$ 

*3k 

20\ 

84 

3*2 

7<H 

'3 

l8 

Jl5 

3x0 

?io  to  392 

*4, 

*3 

20 

80 

*44 

360  to  672 

*>* 

*3. 

» 

"5 

375 

1650  to  3080 

60 

2o4 

«9i 

43o 

1650  1 

600  to  1260 

181 

*4Jf 

26 

216 

890  | 

1400  to  2940 

l8j 

53 

26 

500 

1805  1 

1200  to  2940 

23  J 

»7 

34J 

383 

'2000  to  4900 
210  to  392 

339 
27J 

44 

341 
22 

630 
00 

aBso 
236 

480  to  896 

15* 

1    M. 

«35 

5*5 

95 

9* 

8* 

,3i 

«4 

52 

95 

8 

7* 

j      I2| 

»4 

4» 

136 

9i 

l3i 
5| 

1    9, 

«4 

6a 

7 

2 

\* 

l        9 

6 

i           70 

9 

,     5t 

.     6'5 

28   j 

One  other  type  of  cell,  that  known  as  the  Chloride  cell,  calls 
for  a  brief  description.  The  process  of  manufacturing  the  negative 
plates  is  somewhat  elaborate.  Litharge  is  first  dissolved  in  acetic 
acid,  and  thereby  converted  into  acetate  of  lead.  This  is  placed 
in  a  solution  of  hydrochloric  acid,  where  the  acetate  is  converted 
into  chloride  of  lead,  which,  being  insoluble,  is  precipitated.  The 
precipitate  is  filtered,  and  after  being  pressed  into  slabs  is  dried 
in  an  oven ;  it  is  next  intimately  mixed  with  finely  divided  zinc, 
and  the  mixture  is  then  melted  in  large  pots.  The  mixture  is 
then  cast  into  small  hexagonal  slabs  or  '  pastilles.'  These  pastilles 
are  arranged  symmetrically  in  the  plate-moulds.     These  moulds 
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contain  a  number  of  small  pegs,  and  each  pastille  has  two  small 
holes  cast  into  it,  so  that  the  pegs  fitting  into  the  holes  keep  the 
pastilles  properly  distanced.  A  substantial  lead  grid  is  then  cast 
round  the  pastilles  under  considerable  pressure,  the  metal  being 
thereby  forced  into  very  intimate  contact  with  the  pastilles.  The 
plates  thus  constructed  are  placed  in  a  solution  of  chloride  of  zinc, 
and  are  alternated  with  plates  of  metallic  zinc.  The  necessary 
connections  being  made,  the  zinc  plates  act  as  the  positive  plates 
in  a  primary  cell ;  the  zinc,  which  would  otherwise  be  deposited  on 
the  negative  plates,  or  the  lead  plates  carrying  the  pastilles,  enters 
into  combination  with  the  chlorine  of  the  chloride  of  lead,  leaving 
the  lead  in  a  spongy  condition.  The  zinc  which  was  mixed  with 
the  chloride  of  lead  is  also  converted  into  chloride  of  zinc  and 
enters  into  the  solution.  The  pastilles  are  consequently  reduced  to 
the  condition  of  metallic  lead  in  a  very  porous  or  spongy  condition. 
When  this  part  of  the  process  has  been  completed  the  plates 
are  thoroughly  washed  in  running  water  and  are  afterwards  placed 
in  a  weak  solution  of  sulphuric  acid,  where  they  again  act  as 
negative  plates,  the  other  plates  being  ordinary  positive  plates. 
A  current  is  sent  through  the  cell,  and  hydrogen  being  in  the 
ordinary  way  liberated  at  the  surface  of  the  negative  plates,  effec- 
tually removes  any  trace  of  chlorine  which  might  have  been  left  by 
the  previous  processes.  In  this  way  the  negative  plates  are 
completed  and  have  given  them  an  extensive  area  of  metallic  lead 
in  contact  with  the  solution.  The  positive  plate  is  prepared  by 
first  winding  a  quantity  of  'gimped'  lead  ribbon  into  circular 
coils  or  slabs,  and  driving  these  coils  into  round  holes  provided 
in  a  substantial  lead  grid.  These  positive  plates  are  then  '  formed ' 
by  sending  a  current  through  a  cell  containing  a  number  of  the 
plates  joined  to  the  positive  pole  of  the  dynamo.  A  layer  of  lead 
peroxide  is  therefore  produced  on  the  extensive  surfaces  of  the 
little  coils  of  lead.  The  two  sets  of  plates  having  been  prepared 
are  melted  on  to  substantial  lead  bars  in  the  ordinary  way  and  are 
then  ready  for  work.  Cells  of  this  type  are  extensively  employed 
for  central  station  work,  and  appear  to  be  giving  good  results  as 
regards  both  capacity  aud  durability. 

Secondary  cells  are  usually  delivered  by  the  makers  in  a  dry 
state  and  uncharged,  and  in  making  them  up  prior  to  charging, 
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the  solution  should  be  poured  in  to  the  height  of  about  \  an  inch 
above  the  negative  plates.  The  solution  should  consist  of  pure 
soft  water  and  pure  sulphuric  acid  of  1-84  specific  gravity,  and 
sufficient  acid  should  be  added  to  the 
water  to  raise  its  specific  gravity  to  fxoo 
(that  is,  if  a  given  volume  of  water  weighs, 
say,  1  lb.,  the  weight  of  an  equal  volume 
of  the  solution  should  be  1-200  lb.)-  The 
specific  gravity  of  the  solution  in  the 
'unformed'  cell  will  fall  prior  to  the 
charge,  and  the  charging  current  will  have 
to  be  maintained  for  some  time  before  the 
specific  gravity  rises.  It  will,  however, 
be  seen  from  the  equations  given  in  this 
Chapter  that,  in  the  process  of  charging, 
some  of  the  water  in  the  cell  is  changed  to 
sulphuric  acid,  and  this  causes  the  specific 
gravity  to  rise  ultimately  to  about  1-220. 
This  accretion  of  sulphuric  acid,  which  is, 
however,  lost  on  discharging  the  cell,  is 
accompanied  by  an  increase  in  the  con- 
ductivity of  the  liquid  to  the  extent  of 
about  10  per  cent.  During  the  discharge 
the  density  of  the  solution  falls  until, 
when  the  cell  is  practically  exhausted,  it 
is  only  1*150,  The  relative  density  of 
the  solution  thus  affords  an  excellent 
means  of  ascertaining  the  condition  of 
the  cell,  and  an  instrument  for  measuring 
the  specific  gravity  of  the  acid  solution 
becomes,  therefore,  a  necessity.  Such  a 
piece  of  apparatus  is  called  a  hydrometer, 
or,  for  this  special  case,  an  acidometer,  a 
useful  form  being  that  shown  to  the  left 
in  fig.  304,  which  is  simply  a  glass  tube  weighted  at  the  bottom 
with  a  quantity  of  small  shot.  The  lower  the  specific  gravity  of 
the  solution— that  is  to  say,  the  lighter  it  becomes  bulk  for  bulk 
— the  deeper  will  the  hydrometer  be  immersed.     As  the  liquid 
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increases  in  density  the  instrument  becomes  relatively  lighter  and 
therefore  rises.  Consequently,  the  scale  on  the  tube  can  be  made 
to  indicate  the  relative  density  corresponding  with  the  various 
depths  to  which  the  tube  descends.  The  other  form  illustrated 
in  fig.  304  is  that  known  as  Hicks's  hydrometer,  which  is,  how- 
ever, comparatively  expensive.  It  consists  of  a  flattened  glass 
tube  with  the  upper  end  bent  over  so  as  to  allow  it  to  hang  on 
the  edge  of  the  glass  containing  vessel,  the  tube  being  also 
perforated  to  facilitate  the  free  circulation  of  the  solution. 
Inside  the  tube  are  four  small  glass  globules  containing  liquids 
of  different  specific  gravities  and  different  colours ;  each  globule 
rises  and  falls  at  distinct  specific  gravities  and  allows  thereby  the 
relative  density  of  the  solution  to  be  very  readily  ascertained. 

It  may  be  observed  that  the  colour  of  the  plates  affords 
another  good  indication  of  their  condition,  the  peroxidised  posi- 
tive plate  being,  when  in  proper  condition,  of  a  brownish  or  deep 
reddish  hue,  the  negative  or  spongy  lead  plate  being  coloured 
grey  or  slate  tint.  There  is  thus  a  marked  distinction  in  the 
coloration,  which  should  always  be  discernible. 

There  are  various  explanations  of  the  chemical  changes  which 
take  place  in  a  secondary  cell,  but  although  many  of  the  most 
brilliant  chemists  of  the  day  have  devoted  considerable  attention 
to  the  subject  it  is  still  shrouded  in  doubt,  and  there  seems  but 
little  probability  of  a  general  concurrence  of  opinion  as  to  what 
actually  takes  place.  The  difficulty  arises  from  a  number  of  inter 
mediate  or  secondary  reactions,  which,  it  is  assumed,  take  place 
during  the  processes  of  charging  and  discharging. 

We  are,  however,  more  particularly  concerned  with  tha  final 
rather  than  with  the  intermediate  stages,  and  will  therefore  assume 
that  our  plates,  whether  they  be  of  the  Plante  or  of  the  Faure  or 
pasted  type,  have  been  duly  formed  and  charged,  so  that  the 
positive  plates  have  been  coated  with  lead  peroxide  (Pb02),  and 
the  negative  plates  reduced  to  the  state  of  spongy  lead.  The 
condition  of  the  cell  can  then  be  represented  by  the  symbols  : — 


Pb02  +  S04H2  . 

.  .  S04H2  +  Pb. 

Lead              Sulphuric 
peroxide               acid 

Sulphuric           Lead 
acid 

s  s 
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This  means  that  the  active  material  on  both  plates  is  in  contact 
with  the  sulphuric  acid  solution.  If  now  the  cell  is  discharged 
the  two  plates  are  partially  converted  into  sulphate  of  lead,  and  the 
changes  which  take  place  can  be  represented  by  the  following 
equation : — 

Pb02  +  S04H2 . .  .  S04H2  +  Pb=PbS04  +  OH2 . . .  OH2  +  PbS04 

Lead         Sulphuric  Sulphuric      Lead        Lead  Water  Water         Lead 

peroxide         acid  acid  sulphate  sulphate 

Combining  the  changes  on  the  two  plates  into  a  simple  chemical 
equation,  we  get 

Pb02  +  2  SO,H2  +  Pb  =  2  PbS04   +   2  OH2. 

We  thus  see  that  for  every  atom  of  lead  attacked  during  the 
discharge  both  on  the  positive  and  on  the  negative  plates,  a  mole- 
cule of  sulphuric  acid  is  decomposed,  and  the  solution  is  further 
diluted  by  the  formation  of  a  fresh  molecule  of  water.  When 
the  active  portions  of  the  plates  have  been  more  or  less  com- 
pletely converted  into  lead  sulphate,  no  further  current  can  be 
obtained.  This  should  be  evident  when  it  is  remembered  that 
the  first  essential  in  a  cell  is  to  obtain  two  plates  whose  surfaces 
are  dissimilar.  The  cell  having  been  discharged,  a  further 
charging  operation  is  therefore  necessary  before  any  further 
current  can  be  obtained.  The  chemical  effect  of  the  charging 
current  is  exactly  the  reverse  of  that  which  results  from  the 
discharge,  as  will  be  gathered  from  the  equation : — 

PbS04  +  OH2...OH2  +  PbS04=PbOJ+S04H2...S04H2  +  Pb; 

or,  again,  combining  the  two  changes,  we  get 

2  PbS04  +  2  OH2  =  Pb02  +  2  S04H2  +  Pb. 

The  reversal  is  thus  very  complete  ;  the  two  plates  are  reduced 
from  lead  sulphate  to  lead  peroxide  and  spongy  lead  respectively, 
while  the  solution  regains  the  sulphuric  acid  which  was  extracted 
from  it  during  the  discharge.  The  water  which  was  formed  during 
the  discharge  is  also  completely  absorbed  during  the  charge. 

These  reactions,  however,  affect  only  a  portion  of  the  plates ; 
in  fact,  the  active  portion  of  the  cell  is  usually  very  much  less 
than  that  which  remains  passive. 
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Fig-  3°S>  which  is  very  instructive,  is  the  outcome  of  a  series 
of  experiments  by  Messrs.  Ayrton,  Lamb,  and  Smith,  as  well  as  of 
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a  number  of  chemical  analyses  by  Mr.  Robertson.     A  cell  which 
had  been  carefully  worked,  and  was  therefore  in  good  condition, 


s  s  2 
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was  charged  in  the  ordinary  way  for  14^  hours  with  a  current  ot 
9  amperes.     The  gradual  rise  in  electro-motive  force  is  indicated 
by    the  dotted  curve.     The  cell  was  then  discharged  for  about 
12    hours  at  the  rate  of  10  amperes.     During  the  next  charge, 
however,  which  is  indicated  by  the  continuous  curve,  the  positive 
plates  were  temporarily  removed  from   the  cell  at  the    points 
marked  a,  b,  c,  and  d,  when  the  terminal  potential  difference  of 
the  cell  was  2*134,  2*2,  2*234,  and  2*4  volts  respectively,  and  some 
of  the  pellets  were  forcibly  removed  and  subjected  to  chemical 
analysis.   The  interval  that  elapsed  during  the  removal  of  the  pellets 
(about  twenty  minutes  on  each  occasion)  is  not  shown  in  the  curve, 
the  potential  difference  indicated  a  few  seconds  after  again  closing 
the  circuit   being  the  same  as  that  which  was  observed  at  the 
moment  of  disconnecting  the  charging  circuit.     The  pellets  were 
taken  from  the  top,  middle,  and  bottom  of  the  plates,  and  every 
care  was  exercised  to  avoid  the  introduction  of  any  disturbing 
element  or  anything  likely  to  prejudice  the  results  of  the  analysis, 
which   showed   (fig.   305)  that  the  percentage  of  lead  peroxide 
contained  in  the  pellets  increased  as  the  charge  progressed.   Similar 
experiments  were  made  by  removing  pellets  during  the  discharge, 
and  it  was  found  that  the  percentage  of  PbOa  fell  at  approximately 
the  same  rate  as  that  at  which  it  rose  during  the  charge.     An 
interesting  feature  brought  out  in  these  analyses  is  that  48  per 
cent,  of  the  Pb02  found  in  the  peroxide  pellets  does  not  suffer 
conversion   into   lead   sulphate — that   is   to  say,   it   exceeds  by 
this  amount   the  quantity  actually  essential  to  the    reactions. 
The  explanation  is  that  the  sulphate  of  lead  which  is  developed 
forms  an  impervious   coating   over   the   surface  of  the    pellets, 
and    thus    prevents    the    action    from    extending   to  the   inner 
particles. 

Mr.  Robertson's  analyses  may  be  thus  summarised : — 

1  (a)  The  particles  of  the  peroxide  very  soon  get  coated  in  the 
discharge  with  a  layer  of  lead  sulphate,  which  protects  the  peroxide 
from  further  action. 

'  (b)  The  analysis  also  shows  that  a  large  proportion  of  active 
material  is  still  remaining  at  the  end  of  the  discharge. 

'  (c)  The  loose  powdery  surface  of  the  positive  plate  seems  to 
be  thoroughly  converted  into  lead  sulphate. 
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'  (d)  When  the  peroxide  on  the  surface  of  the  plate  falls  to  about 
31  per  cent,  the  cell  loses  its  e.m.f.  very  rapidly  owing  to  the 
inactive  layer  of  sulphate  impeding  the  action  of  the  sulphuric 
acid  on  the  active  material  behind  it,  and  also  to  the  formation  of 
peroxide  on  the  negatives.  The  "  difFusivity  "  of  the  acid  is  also 
then  decreasing,  while  it  has  to  penetrate  further  into  the  plate 
to  find  active  material.  When  the  whole  of  the  paste  approaches 
the  composition  of  31  per  cent,  peroxide,  the  cell  loses  its  e.m.f. 
entirely. 

1  (e)  The  action  seems  to  take  place  most  rapidly  where  the 
current-density  is  greatest ;  the  plate  gets  hard  there  from  sulphate 
soonest  on  discharge,  and  oxidises  quickest  on  charge.' 

It  has  been  observed  by  Plants,  as  well  as  by  Messrs.  Gladstone 
and  Tribe,  that  during  the  discharge  of  a  cell  a  certain  amount 
of  peroxide  is  formed  upon  the  negative  plate,  so  that  when  the 
peroxide  is  thus  formed  at  a  greater  rate  than  it  is  reduced  by  the 
acid,  the  two  plates,  positive  and  negative,  must  approach  a 
state  of  electrical  equilibrium.  Further,  when  the  circuit  is 
broken,  local  action  alone  can  take  place,  the  effect  of  which  is 
to  reduce  the  peroxide  on  the  negative  plate — that  is  to  say,  the 
peroxide  will  be  deprived  of  its  oxygen.  Consequently,  on  re- 
making the  circuit,  the  cell  will  again  give  a  current.  This  idea 
had  been  used  by  Messrs.  Gladstone  and  Tribe  to  account  for  the 
so-called  recuperative  power  of  a  cell,  as  well  as  for  the  rise  of 
electro-motive  force  which  is  observed  on  breaking  the  discharging 
circuit.  It  is  a  matter  of  general  knowledge  that  if  a  cell  be  dis- 
charged so  far  that  it  will  yield  only  a  very  feeble  current — so  far, 
that  is  to  say,  that  its  electro-motive  force  has  fallen  almost  to 
zero — it  will,  after  a  period  of  rest,  be  found  to  have  a  considerably 
higher  electro-motive  force  than  at  the  moment  when  it  was 
disconnected;  and  that  this  recuperation  enables  it  to  send  a 
comparatively  strong  current  through  the  circuit. 

It  will  be  evident  that  while  it  is  essential  that  great  care  should 
be  exercised  in  the  manufacture  of  secondary  cells,  the  treatment 
to  which  they  are  subjected  is  a  matter  of  at  least  equal  import- 
ance. The  charging  current  should  be  proportional  to  the  number 
and  area  of  plates,  and  for  the  L  type  of  cell,  described  on  a 
previous  page,  should  be  equal  to  about  4  amperes  per  positive 


630  Electrical  Engineering  chap,  xtt 

plate,  so  that  the  15-plate  cell  requires  from  25  to  30  amperes. 
When  the  current  exceeds  this  amount,  it  cannot  increase  the 
reduction  of  the  sulphate   of  lead  in  proportion  to   the  extra 
amount  of  current,  and  the  surplus  current  is  therefore  wasted  in 
the  decomposition  of  water  and    the   premature  evolution  of 
bubbles  of  oxygen  gas  from  the  positive  surface,  a  phenomenon 
which  is  technically  known  as  boiling.     There  is  a  certain  amount 
of  risk  that  the  too  powerful  current  will  cause  bending   or 
buckling  of  the  plates,  which,  being  usually  close  together,  are 
liable  to  make  contact  one  with  the  other,  and  so  short-circuit  the 
cell.     The  electro-motive  force  of  the  charging  current  should 
exceed   that  of  the   subsequent  discharging  current    by  about 
10  per  cent,  being,  however,  a  little  less  at  starting  than  when 
approaching  the  completion  of  the  charge.     This   should    be 
evident  when  it  is  remembered  that  the  counter  electro-motive 
force  of  the  cell  rises  as  the  charging  and  consequent  chemical 
reactions  progress ;  for  example,  if  the  cell  is  so  far  charged  that 
its  electro-motive  force  is  two  volts,  it  would  require  a  smaller 
applied  potential  difference  to  urge   a  current  of  30  amperes 
through   it  than  would  be   necessary  when  the  electro-motive 
force  of  the  cell  has  been  raised  to  2*5  volts.     In  practice  the 
object  when  charging  from  a  fixed  e.m.f.  is  attained  by  switching 
cells  out  of  the  circuit,  one  or  two  at  a  time,  as  the  electro-motive 
force  of  the  battery  rises.     When,  however,  a  separate  dynamo  is 
used  for  charging  purposes,  the  variation  in  e.m.f.  can  be  easily 
effected  by  inserting  an  adjustable  resistance  in  the  field-magnet 
circuit  at  the  commencement  of  the  charge,  and  gradually  reducing 
this  resistance  as  the  e.m.f.  of  the  cell  rises.     The  reduction  of 
the  resistance  involves,  of  course,  an  increase  in  the  strength  of 
the  field,  and  therefore  in  the  voltage  developed  by  the  armature. 
The  charging  should  be  continued  until  the  solution  '  boils'  freely 
or  assumes  a  milky  appearance,  consequent  on  the  evolution  of 
oxygen  gas,  the  positive  plates  having  then  been  oxidised  as  far 
as  possible,  or  having  absorbed  as  much  oxygen  as  they  can  take 
up.     This  so-called  boiling  is  one  of  the  most  useful  indications 
of  the  condition  of  a  battery  as  it  approaches  the  end  of  its  charge. 
As  a  general  rule  the  charging  current  should  be  maintained  until 
every  cell  assumes  the  milky  appearance  indicative  of  the  free 
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evolution  of  gas-bubbles.  If  any  particular  cell  should  remain 
obdurate,  the  probability  is  that  it  is  short-circuited,  and  it  should 
be  carefully  examined,  and,  if  necessary,  removed  from  the  battery, 
its  place  being  taken  by  another  cell  while  it  is  being  overhauled 
and  re-charged. 

The  e.m.f.  of  a  secondary  cell,  as  was  shown  in  fig.  305, 
does  not  rise  uniformly  with  the-  continuance  of  the  charging 
current  In  some  experiments,  performed  with  a  battery  of 
15  cells,  a  current  of  22  amperes  was  employed,  by  which 
the  e.m.f.  was  raised  from  2*02  to  2*53  volts  per  cell.  The 
variations  in  the  rate  of  increase  are  shown  in  fig.  306,  from  which 
it  will  be  seen  that  after  220  ampere-hours  had  been  put  in — 
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that  is  to  say,  after  a  charging  current  of  22  amperes  had  been 
maintained  for  a  period  of  10  hours— the  e.m.f.  had  risen  gradually 
to  2*13  volts.  After  about  14  hours'  charging,  when  the  e.m.f.  was 
2 'i  7  volts,  a  somewhat  sudden  rise  in  e.m.f.  was  observed,  which 
was  continued  until  2*53  volts  were  registered.  The  maximum 
e.m.f.  usually  obtained  is  2*5  volts,  at  which  point  gases  are 
freely  evolved,  and  cause  the  milky  appearance  already  referred 
to  as  boiling.  It  has  been  conclusively  proved  that  overcharging, 
although  generally  involving  a  waste  of  energy,  is  not  only 
harmless,  but  may  in  certain  circumstances  be  beneficial.  In  the 
experiments  referred  to  some  cells  were  charged  without  cessation, 
until  the  full  prescribed  current  had  been  passed  through,  for 
more  than  two  months.     At  the  end  of  that  time  it  was  found 
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that  the  lead  conductor  was  practically  as  sound  as  before 
charging.  The  coating  of  fine  peroxide  formed  on  the  surface 
was  very  thin  ;  there  was  no  sign  whatever  of  buckling,  and. 
further,  the  specific  gravity  of  the  solution,  when  the  cells  were 
left  in  their  then  fully  charged  condition,  remained  absolutely 
unaltered.  The  conclusion  thence  drawn  was  that  the  oxidisation 
of  the  grid  caused  by  charging  only  penetrated  to  a  very  limited 
depth,  and  that  the  coating  of  fine  peroxide  thus  formed  actually 
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protected  the  grid  from  excessive  local  action ;  and  it  was 
established  that  the  life  of  the  grids  was  not  limited  by  the 
amount  of  charging,  i.e.  by  the  number  of  ampere-hours  put  into 
a  cell.     We  shall  return  to  this  question  presently. 

Professor  Ayrton  and  several  of  his  assistants  have  obtained  a 
valuable  series  of  curves,  one  of  which  is  reproduced  in  fig.  307. 
In  this  case  the  cells  were  charged  with  a  current  of  9  amperes. 
The  rise  in  potential  difference  was  slow  and  steady  up  to  about 
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2*15  volts  per  cell,  but  then  became  much  faster,  until  a  maximum 
of  2*55  volts  was  obtained.  The  most  rapid  increase  occurred  at 
about  the  end  of  the  twelfth  hour  of  the  charge,  as  indicated  at 
a  in  the  figure.  The  similarity  between  this  curve  and  that  given 
in  fig.  306  is  very  noticeable. 

During  the  discharge  the  e.m.f.  of  the  cells  speedily  falls  to 
about  two  volts  each,  the  higher  initial  electro-motive  force  being 
mainly  due  to  the  presence  of  hydrogen  on  the  spongy  lead  plate. 
When  this  has  been  oxidised  there  remains  the  lead  surface, 
between  which  and  the  peroxide  plate  the  electro-motive  force 
falls  very  slowly  to  about  1  '98  volt.  The  fall  is  then  slightly  faster, 
although,  as  was  found  in  the  series  of  experiments  referred  to 
on  page  631,  after  an  output  of  400  ampere-hours  at  the  rate  of 
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25  amperes,  the  total  drop  from  the  time  that  the  cell  settles  down 
to  steady  work  at  2*02  volts  is  only  about  10  per  cent.  The  rate 
at  which  the  fall  of  e.m.f.  took  place  is  clearly  shown  in  the 
instructive  curve  given  in  fig.  308.  The  discharge  was  continued 
until  the  e.m.f.  was  r8o  volt  per  cell.  With  a  fall  to  1*90  volt 
the  difference  is  only  about  5  per  cent. 

In  an  experiment  performed  to  ascertain  the  effect  of  a  rapid 
discharge  upon  the  plates,  a  battery  was  divided  into  two  halves, 
one  of  which  (a)  was  repeatedly  run  out,  and  the  other  (b)  was 
never  discharged  beyond  the  point  at  which  the  e.m.f.  commenced 
to  drop.  The  experiment  extended  over  a  considerable  time,  but 
gave  the  instructive  result  that  when  exactly  the  same  number 
of  ampere-hours  had  been  taken  out  of  each  half,  the  plates  of 
(a)  showed  signs  of  expansion  or  growing  and  consequent  buckling, 
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whereas  in  those  of  (b)  no  change  could  be  detected.  The  Sfc 
of  the  grid  was  therefore  proved  to  be  dependent  not  so  much  cs 
the  number  of  ampere-hours  taken  out,  or  on  the  work  done,  as 
on  the  rate  of  discharge. 

Fig.'  309  is  a  portion  of  the  discharge  curve  obtained  by  Profe* 
sor  Ayr  ton  and  his  collaborateurs,  but  it  differs  from  that  given  in 
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fig.  308,  in  that  the  discharge,  which  was  at  the  rate  of  10  amperes, 
was  continued  until  the  potential  difference  was  reduced  to  1-35 
volt,  and  the  rapidity  with  which  this  potential  difference  falls  from 
about  1 75  volt  is  very  remarkable.  Another  very  instructive  curve 
obtained  from  the  same  series  of  experiments  is  that  given  in  fig.  31a 
The  cell  was  charged  with  a  constant  current  of  9  amperes  until 
a  potential  difference  of  2  56  volts  was  obtained.     The  charging 
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circuit  was  then  broken,  and  immediately  there  was  a  fall  to  2*31 
volts,  followed  by  a  steady  fall  during  the  next  five  minutes  to  2*24 
volts.  On  again  closing  the  charging  circuit  there  was  an  instan- 
taneous rise  to  2*48  volts,  followed  by  a  steady  rise  during  the  next 
five  minutes  to  2*56  volts.  In  subsequent  experiments  it  was 
ascertained  that  the  fall  of  potential  difference,  on  disconnecting 
the  charging  circuit,  became  more  rapid  as  the  charge  increased. 

It  should  be  observed  that  by  the  time  the  e.m.f.  of  a  cell  dis- 
charged in  the  ordinary  way  has  dropped  to  1*90  volt  the  greater 
portion  of  the  surfaces  will  have  resumed  the  condition  of  lead 
sulphate  (PbS04),  and  there  will  then  be  considerable  risk  of  the 
formation  of  a  more  obdurate  form  of  sulphate,  which  may  be 
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expressed  by  the  symbol  PbaS05,  and  which  is  caused  probably 
by  the  PbS04  combining  with  the  monoxide  or  PbO.  This  is  a 
hard  white  sulphate  and  is  very  troublesome.  It  is  insoluble,  non- 
conducting, very  adhesive,  and  covers  both  the  pellets  and  the 
grid,  and  in  very  bad  cases  forms  on  the  inside  of  the  plate 
between  the  grid  and  its  pellets.  When  it  falls  off  the  plate,  it 
generally  carries  with  it  some  of  the  active  material,  which  is 
therefore  wasted.  It  is  consequently  advisable  that  the  e.m.f.  of 
the  individual  cells  should  be  tested  periodically  with  a  low- 
reading  voltmeter,  but  this  instrument  should  be  of  high  resist- 
ance, say  200"  or  more,  and  of  a  type  which  is  not  liable  to 
vary  in  the  presence  of  adjacent  masses  of  iron  or  other  similar 
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disturbing  influences.     A  modification  of  the  movable  coil  type 
(Chapter  IV.)  is  the  most  serviceable. 

The  phenomenon  known  as  buckling,  and  to  which  reference 
has  already  been  made,  is  almost  invariably  accompanied  by  the 
formation  of  the  hard  sulphate  on  the  face  of  the  plates,  and  it  is 
generally  conceded  that  buckling  is  a  consequence  of  over-sol- 
phating.     When  the  plates  are  free  from  sulphate  there  is  no 
tendency  to  buckle.     It  is  interesting  to  note  that  in  the  case  of 
the  first  use  of  cells  the  specific  gravity  of  the  solution  drops 
somewhat  as  soon  as  it  is  introduced,  and  that  it  continues  to  fall 
for  some  little  time  after  the  charging  current  has  been  switched 
on.     This  is  indicative  of  the  absorption  of  acid  by  the  plates,  but, 
of  course,  the  continuance  of  the  charging  current  under  normal 
conditions   speedily  reduces  such   sulphate  as   may  have  been 
formed,  and  with  it  the  tendency  to  buckle.     In  order  to  avoid 
buckling  of  the  peroxide  plates,  cells  on  their  first  use  (whether 
new  or  after  long  disuse)  should  be  charged  incessantly  until  they 
have  been  considerably  overcharged ;  neither  should  they  in  the 
course  of  working  be  discharged  either  too  rapidly  or  below  a 
voltage  of  1  '9  as  a  regular  thing,  or  1  '85  on  emergencies. 

It  has  been  ascertained  that  in  almost  every  case  where  abnor- 
mal disintegration  takes  place,  the  plugs  of  active  material  fall  out 
of  the  plates  in  complete  halves  and  in  very  hard  condition  ;  and 
analysis  has  shown  that  they  contain  an  excess  of  sulphate.     On 
the  other  hand,  in  a  few  instances  the  active  material  has  been 
found  to  have   become  disintegrated  and   fallen   off  in  a  fine 
powder,  and  this  was  specially  observable  when,  on  account  of  a 
leak  in  the  containing-vessel  and  consequent  frequent  addition  of 
water,  the  solution  had  become  abnormally  weak.     In  this  case 
pract'cally  no  sulphate  was  present,  and  the  mass  simply  lost  co- 
hesiveness.     Of  course,  this  fault  could  not  happen  if  proper  use 
were   made  of  hydrometers  for  the  purpose   of  regularly  and 
systematically  ascertaining  the  specific  gravity  of  the  solution. 

As  has  already  been  intimated,  buckling  is  due  to  the  expan- 
sion of  the  paste  during  sulphating,  and  arises  from  the  fact  that 
lead  being  a  very  ductile  but  non-elastic  material,  the  grid  does 
not  re-assume  its  original  shape  when  the  subsequent  partial 
contraction  of  the  paste  takes  place,  and  to  this  is  also  attributed 
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the  loosening  of  the  pellets.  The  contraction  being  but  partial, 
the  positive  plates  become  gradually  increased  in  size  with  con- 
tinued use.  It  is  therefore  necessary  that  the  grid  should  be  of 
uniform  strength  throughout,  and  not  made  stronger  in  one  direc- 
tion than  in  another.  Efforts  have  been  made  to  harden  the  grid 
by  the  admixture  of  a  small  percentage  of  antimony,  but  some 
difficulty  is  experienced  in  making  the  alloy  of  uniform  proportions 
throughout. 

The  growth  of  the  plates  consequent  upon  buckling  is  some- 
what considerable.  Mr.  Reckenzaun  found  that  a  positive  plate, 
which  had  when  new  a  surface  of  90  square  inches,  grew  to 
9476  inches  after  one  year's  daily  use,  while  others  showed,  when 
almost  worn  out,  an  increase  of  7  square  inches  ;  these  measure- 
ments being  simply  the  product  of  the  length  into  the  breadth  of 
the  plate,  and  independent  of  corroded  or  oxidised  furrows.  The 
actual  amount  of  surface  in  contact  with  the  liquid  is  considerably 
greater  than  these  figures  would  indicate,  owing  to  the  irregu- 
larities produced  by  the  solution. 

The  evil  effects  of  an  excessive  discharge  either  in  rate  or  in 
extent  may  therefore  be  briefly  summarised  by  saying  that  there 
is  a  considerable  risk  of  causing  unequal  expansion  of  the  plates, 
resulting  sooner  or  later  in  buckling,  loosening  of  the  active 
material,  and  short-circuiting. 

The  life  of  a  positive  plate  is  not,  however,  so  brief  as  might 
be  anticipated  from  the  many  little  difficulties  which  beset  it, 
for  with  fair  and  continuous  usage  its  life  amounts  to  about 
three  years,  or  at  the  normal  rate  of  working  it  will  sustain  about 
1000  discharges.  The  decay  of  the  plate  is  more  rapid  in  the 
lower  than  in  the  upper  half,  owing  probably  to  the  greater  density 
of  the  acid  solution  in  that  portion  of  the  cell.  The  life  of  a 
properly  used  negative  plate,  which  is  subject  to  but  few  of  the 
troubles  attending  the  positive  plate,  is  estimated  at  ten  years. 

The  capacity  of  a  cell  may  be  defined  as  the  amount  of  energy 
it  is  capable  of  storing,  and  is  calculated  generally  in  ampere-hours  : 
that  is  to  say,  it  is  the  product  of  the  number  of  amperes  at  which 
the  cell  is  able  to  discharge,  into  the  number  of  hours  through 
which  it  can  maintain  that  discharge.  Capacity  is  also  estimated 
by  the  ratio  between  the  weight  of  the  material  and  the  electrical 
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output.  The  amount  of  surface  exposed  to  the  solution  really 
determines  the  charge  which  a  cell  can  receive,  and  is  therefore  a 
measure  of  its  capacity.  The  capacity  of  a  cell  is  an  important 
consideration,  seeing  that  the  prime  cost  is  considerable,  that  the 
cell  is  bulky  and  therefore  requires  correspondingly  ample  accom- 
modation, and  that  only  a  portion  of  the  plate  is  utilised  The 
capacity  can  be  increased  by  more  thoroughly  '  forming '  the  paste 
and  reducing  the  proportion  of  solid  metal,  which  we  may  call  so 
much  dead  weight,  but  it  is  not  safe  to  carry  this  reduction  much 
further  than  has  already  been  done,  or  there  will  be  considerable 
risk  of  the  plate  being  unable  to  bear  its  own  weight,  and  there- 
fore of  its  falling  to  pieces. 

Many  attempts  have  been  made  to  use  other  electrodes  than 
lead  for  secondary  cells,  but  with  little  success.  Thus  one  was 
constructed  in  which  there  was  a  lead  plate  to  be  peroxidised, 
the  other  plate  consisting  of  copper  to  be  alternately  dissolved  and 
deposited  from  a  copper  sulphate  solution  ;  but  the  low  electro- 
motive force  of  this  cell  precluded  its  adoption.  For  somewhat 
similar  reasons  the  employment  of  other  suggested  solutions  has 
been  found  to  be  impracticable,  and  there  is  therefore  no  need  to 
further  discuss  them  here. 

Coming  now  to  the  question  of  •  efficiency,'  or  the  ratio  of  the 
energy  taken  out  of  the  cells  as  compared  with  that  put  into  them, 
the  former  can,  of  course,  never  equal  the  latter.  The  phenomenon 
of  boiling,  for  example,  is  an  evidence  of  energy  being  wasted, 
for  the  current  is  then  employed  in  the  unproductive  decomposi- 
tion of  water.  It  is  often  asserted  that  secondary  cells  are  capable 
of  giving  out  75  or  more  per  cent,  of  the  energy  put  into  them, 
and  this  may  be  true  with  small  cells  wholly  but  slowly  discharged  ; 
but  the  experience  of  those  who  have  given  the  matter  long  and 
earnest  attention  is  that  the  efficiency  of  cells  of  the  ordinary 
sizes,  discharged  at  the  normal  rate,  to  their  proper  minimum 
E.M.F.,  ranges  after  a  few  months'  use  from  50  to  60,  or  at  the 
very  outside,  65  per  cent.  Even  then  great  care  has  to  be  taken 
that  the  charging  current  is  of  the  right  strength  and  potential 
difference,  and  that  the  cells  are  maintained  in  the  best  possible 
condition.  Our  own  experience  is  that  under  ordinary  working 
conditions,  and  allowing  for  all  losses,  the  efficiency  of  a  secondary 
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battery  averages  55  per  cent,  or  thereabouts.     The  efficiency  of  a 
cell  depends,  as  will  probably  have  been  gathered  from  what  has 
already  been  said,  very  largely  on  the  rate  at  which  the  energy 
is  discharged  :  that  is  to  say,  it  depends  upon  the  current  strength 
per  unit  of  surface  or,   as  it  is   technically  termed,  upon   the 
'  current  density/  and  it  ma*y  be  stated  generally  that  the  lower 
the  density,  the  greater  the  efficiency.     With  a  2  5 -ampere  cell 
discharging  at  the  rate  of  5  amperes,  an  efficiency  of  80  per  cent, 
might  be  obtained,  but  on  increasing  the  current  to  40  amperes, 
the  output  falls  to  less  than  50  per  cent.,  for  when  the  rate  of  dis- 
charge is  high,  the  e.m.f.  falls  rapidly.     It  is  highly  important 
that  the  connections  between  the  cells  and  to  the  external  circuit 
should  be  well  and  substantially   made.     The  average   internal 
resistance  of  a  cell  containing  31  L-plates  is  but  o'ooi",  and  it  is 
therefore  very  easy  to  incur  even  a  greater  loss  in  the  connections 
of  a  battery  than  in  the  battery  itself.     Such  losses  further  reduce 
the  efficiency  of  the  battery. 

It  remains  now  to  consider  the  general  utility  and  application 
of  secondary  cells,  which  may  be  classed  under  three  heads,  viz. 
storage,  regulation,  and  distribution. 

As  a  means  of  storing  energy  to  be  afterwards  converted  into 
a  current  of  electricity,  the  secondary  battery  stands  alone.  It  is 
often  compared  to  a  domestic  water-cistern,  but  the  analogy  is 
not  a  very  happy  one,  for  the  cistern  receives  a  periodical  heavy 
charge  of  water  to  be  delivered  in  small  or  large  quantities  as 
required,  while  the  battery  usually  receives  its  charge  gradually 
or  even  intermittently  as  opportunities  arise,  whereas  its  rate  of 
discharge  often  approaches  the  highest  possible,  and  frequently 
exceeds  the  charging  rate,  when,  of  course,  the  duration  of  the 
discharge  is  considerably  shorter  than  that  of  the  charge.  Again, 
a  secondary  battery  cannot  be  charged  and  discharged  simul- 
taneously as  can  a  water-cistern,  that  is  to  say  a  current  can  only 
pass  through  the  cell  at  any  particular  moment  in  one  direction 
— charge  or  discharge. 

As  the  secondary  cell  has  a  working  electro-motive  force  of  but 
two  volts,  as  its  capacity  (as  compared  with  its  weight)  is  very 
small,  and  as  its  practical  efficiency  is  very  low,  it  is  in  many  cases 
impracticable   to  employ  such  apparatus  at  a  supply  station  to 
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meet  even  the  small  demand  during  the  daytime,  although   the 
secondary  battery  is  growing  in  favour  as  a  stand-by.     But   its 
more  general  utility  for  central-station   work   is   to   assist   the 
dynamos  in  meeting  the  maximum  demand.     It  will  readily  be 
seen  that  in  ordinary  commercial  work  there  is  a  brief  period 
in   the   evening,   particularly   in   winter,  when   the   demand    for 
lighting  current  rapidly  increases  and  quite  as  rapidly  falls.     In 
order  to  meet  these  requirements  by  means  of  direct  generators 
a  large   increase   in   boilers,   engines,  and  dynamos   would   be 
involved ;  but  where  secondary  batteries  are  employed,  the  spare 
current  in  the  daytime,  when  the  load  is  usually  very  light,  can 
be  employed  to  charge  the  secondary  cells,  and  it  then  happens 
that  although  the   efficiency  may  be  only  50   per  cent,  a  real 
economy  is  effected  by  utilising  them  for  supplying  the  '  peak '  or 
top  loads.     Similarly  in  the  smaller  tramway  installations,  where 
only  a  few  cars  are  in  use,  and  where,  therefore,  average  con- 
tingencies cannot  be  assumed,  there  are  occasions  when  the  cars 
are  starting  from  rest  or  when  they  are  mounting  heavy  gradients, 
and  in  such   cases  secondary  cells   are  useful  for  meeting  the 
brief  heavy  demands.     Even  in   the  larger  stations  secondary 
batteries    offer    considerable  advantages    in  the   morning    and 
evening,  when  the  demand  is  exceptionally  heavy  for  a   short 
period.     It  would  undoubtedly  be  a  great  advantage  if  second- 
ary batteries  could  be  economically  constructed  and  maintained 
of  sufficiently  large  dimensions  to  have  a  capacity  to  meet,  say, 
one  complete  day's  supply.     In  that  case  an  electric-lighting  or 
power  station  would  be  placed  on  a  basis  more  nearly  approaching 
that  of  an  ordinary  gas-works.  The  generating  plant  required  by  the 
station  would  thereby  be  considerably  reduced,  the  risk  of  a  fall 
in  the  pressure  when  a  sudden  demand  arises  would  be  obviated, 
and  the  working  expenses  would  be  lessened. 

Although,  however,  the  secondary  battery  is  hardly  likely  to 
take  a  front  place  in  public  supply  works,  it  offers  very  many 
advantages  for  comparatively  small  or  private  installations.  In 
such  cases  direct-current  working  is  the  rule  ;  but  it  is  rarely 
desired  to  keep  the  generating  plant — that  is  to  say,  the  engine 
and  dynamo — running  day  and  night,  but  rather  to  run  it  only 
during  the   hours  when  the  load  is  heavy,  and  to  trust  to  the 
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secondary  battery  to  supply  the  required  current  at  other 
times. 

Secondary  cells  have  also  the  advantage  in  small  stations  that, 
where  they  are  of  sufficient  capacity  to  maintain  the  ordinary 
number  of  lamps,  they  can,  on  emergency,  be  employed  to  in- 
crease considerably  the  total  amount  of  current  supplied.  For 
example,  suppose  the  dynamo  to  be  able  to  generate  the  same 
amount  of  current  as  the  secondaries  can  discharge,  the  latter  can 
be  charged  during  the  day,  and  both  dynamo  and  battery  employed 
either  independently  or  together  for  lighting-purposes  in  the 
evening. 

Many  other  instances  where  the  storage  capacity  of  secondary 
cells  is  of  great  value  will  probably  suggest  themselves  to  the 
student.  There  is,  however,  one  class  of  work  in  which  the  secondary 
battery  fulfils  a  function  in  a  manner  peculiar  to  itself,  and  that  is  in 
the  propulsion  of  road  vehicles  and  launches  or  other  comparatively 
small  vessels.  Nothing  can  be  more  objectionable  in  such  cases 
than  the  dirt,  noise  and  smell  attendant  upon  the  employment 
of  steam  or  petroleum,  while  it  is  almost  impossible  to  conceive 
anything  more  clean,  silent,  and  agreeable  than  a  secondary 
battery  placed  in  lead-lined  teak  boxes,  stowed  in  the  hold  or 
under  the  seats,  and  charged  as  required  from  a  generating  plant 
situated  in  a  convenient  spot.  A  word  of  caution  is,  however, 
necessary,  and  that  is  that  ample  ventilation  should  always  be 
afforded  for  the  escape  of  the  hydrogen  and  oxygen  gases  which 
are  evolved  during  the  charging,  otherwise  there  will  be  some 
risk  of  an  explosion. 

Secondary  batteries  employed  for  the  propulsion  of  tramcar 
and  ordinary  road  vehicles  should  be  arranged  in  trays,  so  that 
it  is  practicable  to  slide  them  in  and  out  of  the  cars  or  carriages 
between  the  journeys.  In  many  cases  the  battery  is  not  removed, 
but  the  vehicle  is  taken  to  the  charging  station  and  the  battery 
is  then  charged  in  position.  Propulsion  by  means  of  secondary 
batteries  has  so  far  met  with  but  limited  success,  chiefly  on 
account  of  the  comparatively  low  efficiency  of  secondary  batteries, 
their  great  weight  and  the  cost  of  wear  and  tear.  These  are 
the  points  to  which  attention  is  at  present  being  directed,  and 
with  the  improvements  which  are  gradually  being  effected  in 
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these  directions,  it  is  not  improbable  that  there  will  be  a  sub- 
stantial increase  in  the  application  of  secondary  batteries  to  this 
class  of  work.  It  must  be  remembered  that  a  car  with  a  secondary 
battery  and  motor  is  perfectly  self-contained,  and  in  the  case  of 
tramway  working  there  is  no  need  for  either  the  more  or  less 
unsightly  overhead  conductor,  or  the  much  more  expensive  under- 
ground conductor  built  into  a  conduit  running  between,  and 
parallel  with,  the  rails.  These  systems,  it  will  be  remembered, 
were  dealt  with  in  Chapter  XII. 

A  secondary  battery  is  pre-eminently  serviceable  as  a  regulator 
for  maintaining  a  uniform  potential  difference,  more  particularly 
in  cases  where  the  dynamo  is  driven  by  a  gas  or  oil  engine,  and 
where,  in  consequence  of  the  irregular  and  comparatively  in- 
frequent impulses  imparted  to  the  driving  wheel,  the  potential 
difference  developed  by  the  machine  is  liable  to  considerable 
variations.  Let  it  be  supposed,  for  example,  that  a  shunt-wound 
dynamo  is  employed,  with  the  aid  of  a  secondary  battery,  to  supply 
current  to  a  number  of  lamps  joined  up  in  parallel  Let  the 
lamps  be  made  to  take  a  pressure  of  ioo  volts,  and  let  it  be 
supposed  for  the  moment  that  the  battery  has  been  charged  to  a 
pressure  of  102  volts,  and  that  the  dynamo  at  each  impulse  of  the 
engine  develops  for  a  moment  no  volts.  Between  these  impulses 
the  dynamo  pressure  may  fall,  and  when  an  explosion  is  '  missed ' 
it  may  even  fall,  in  the  absence  of  the  battery,  below  100  volts. 
The  battery,  however,  tends  to  correct  these  irregularities.  Should 
the  electro-motive  force  of  the  dynamo  fall  below  that  of  the 
battery,  the  latter  will  augment  the  current  through  the  field- 
magnet  of  the  former,  and  the  strength  of  the  field  will  therefore 
be  increased,  and,  the  current  in  the  armature  being  at  the  same 
time  diminished,  the  speed  of  the  engine  will  be  accelerated  and 
a  higher  e.m.f.  developed.  The  battery  will  at  the  same  time 
maintain  the  proper  voltage  at  the  lamp  terminals.  On  the  other 
hand,  the  pressure  of  no  volts  obtained  at  the  moment  of  the 
impulse  will  be  too  high  for  the  lamps,  but  in  that  case  the  cells 
form  a  low  resistance  shunt  to  the  lamp  circuit,  and  they  take  up 
or  absorb  the  superfluous  volts,  a  strong  current  being  urged 
through  them  and  increasing  their  charge. 

In  some  cases,  more  particularly  where  constant  attendance 
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is  not  provided,  an  automatic  switch  is  employed,  which,  in  the 
event  of  the  dynamo  pressure  falling  materially,  cuts  out  the 
machine  and  causes  the  circuit  to  be  fed  from  the  battery  alone. 
It  is  quite  conceivable  that  the  driving  belt  might  break,  or  the 
supply  of  gas  for  the  engine  be  accidentally  cut  off,  and  in  such 
cases  the  dynamo  pressure  would,  of  course,  fall  at  once,  with  the 
result  that,  unless  the  dynamo  promptly  responded  and  continued 
to  run  as  a  motor,  the  battery  would  send  such  a  strong  current 
through  the  low-resistance  armature  as  would  suffice  to  bum 
it  up.  There  are  several  automatic  switches  designed  for  pre- 
venting a  disaster  of  this  sort,  one  of  them,  the  '  Nevile '  auto- 
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matic  switch,  being  illustrated  in  fig.  311.  It  consists  of  an 
electro-magnet,  with  projecting  pole-pieces  bent  over  so  as  nearly 
to  meet.  Between  them  there  is  a  balanced  permanent  steel 
magnet  which  can  rock  horizontally.  To  the  further  end  of  the 
magnet  is  attached  a  non-magnetic  rod,  which  carries  a  copper 
fork.  The  electro-magnet  is  in  the  main  charging  circuit,  and 
the  pole-pieces  are  magnetised  one  way  or  the  other,  according 
to  the  direction  of  the  current.  If  the  dynamo  pressure  falls,  the 
current  passes  from  the  battery  to  the  machine,  and  makes  the 
polarity  of  the  lower  pole-piece  opposite  to  that  of  the  adjacent 
end  of  the  magnet,  which  is  consequently  drawn  down,  the  copper 
fork  being  thereby  raised,  and,  breaking  contact  with  the  mercury 
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contained  in  the  cups  beneath  it,  the  charging  circuit  is  thereby 
disconnected.  When  the  dynamo  pressure  exceeds  that  of  the 
battery,  the  direction  of  the  current  through  the  electro-magnet — 
and,  therefore,  the  polarisation  of  the  pole-pieces — are  reversed 
Consequently,  the  magnet  is  drawn  up,  the  fork  dipping  again  into 
the  mercury,  and  re-making  the  charging  circuit  Mercury  switches 
are  objectionable  where  the  potential  difference  at  the  moment  of 
disconnection  is  considerable,  but  in  this  case  the  switch  can  be 
adjusted  so  as  to  act  when  the  difference  between  the  pressure  of 
the  dynamo  and  that  of  the  battery  is  very  low,  and  in  that  case 
the  spark  caused  by  the  breaking  of  the  circuit  would  be  small 
There  is  a  balance  weight  which  can  be  seen  in  the  figure 
immediately  over  the  permanent  magnet,  and  this  weight  can  be 
so  adjusted  that  the  switch  shall  be  actuated  when  the  electro- 
motive force  of  the  generator  falls  or  rises  to  within  i  or  2  per 
cent,  of  the  electro-motive  force  of  the  battery. 

Another  useful  piece  of  apparatus  is  an  automatic  alarum,  the 
object  of  which  is  to  indicate  when  an  excessively  high  current  is 
being  drawn  from  the  cells.  In  one  of  these  alarums  a  vertically 
fixed  solenoid,  consisting  of  a  few  turns  of  thick  wire,  is  placed  in 
the  main  circuit  When  the  current  exceeds  a  certain  prescribed 
limit,  the  soft  iron  core  is  attracted,  and  a  horizontal  spring  at- 
tached to  it  completes  a  local  circuit,  causing  one  of  the  cells  to 
send  a  current  through  an  ordinary  electric  trembler  belL 

In  addition  to  these,  there  are  many  other  pieces  of  apparatus, 
ingenious  in  their  way  and  useful  for  special  purposes,  which, 
however,  we  need  scarcely  describe. 

The  use  of  a  regulator  switch,  such  as  that  illustrated  in  fig.  312, 
should,  however,  be  understood.  It  will  be  remembered  that  the 
working  pressure  of  a  secondary  battery  ranges  from  1*9  to  2*4  volts 
per  cell.  If,  therefore,  a  pressure  of  100  volts  has  to  be  main- 
tained, a  battery  of  53  cells  will,  when  their  pressure  has  fallen 
to  1 '9  each,  be  required.  But  53  cells  when  fully  charged  would 
have  an  electro-motive  force  of  nearly  135  volts.  Hence  the 
dynamo  must  be  capable  of  developing  this  potential  difference. 
If,  however,  the  whole  of  the  fully  charged  cells  were  to  be  joined 
direct  to  the  lamps,  the  result  would  be  that  in  a  comparatively 
short   time   they  would  all  break.     It  follows,  therefore,  that  a 
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regulating  switch  is  necessary,  by  the  use  of  which  the  number 
of  cells  being  charged  and  the  number  feeding  the  lamps  may 
be  independently  varied.  In  the  switch  illustrated  there  is 
a  movable  arm  connected  to,  say,  the  positive  terminal  of  the 
charging  dynamo,  which  can  be  turned  by  rotating  the  handle. 
This  handle  is  in  the  form  of  a  substantial  metal  ring.  The 
contact  brush  at  the  end  of  the  arm  is  laminated  or  composed 
of  a  number  of  strips  of  thin  hard  copper.  The  cells  near 
the  positive  end  of  the  battery  are  connected  one  to  each  of  the 
brass  or  copper  studs  over  which  the  arm  travels.    If  we  suppose 


the  end  cell  to  be  joined  to  the  left-hand  stud,  then  when  the  arm 
rests  on  that  stud  the  full  battery  is  under  charge.  As  the  electro- 
motive force  of  the  battery  rises  the  arm  is  moved  from  stud  to 
stud,  thus  reducing  the  battery  cell  by  cell  as  the  charge  increases. 
As  will  be  seen  from  the  figure,  blocks  of  insulating  material  are 
fixed  between  the  contact  studs  in  order  that  the  brush  shall  have 
an  even  course  and  not  be  able  to  drop  in  between  the  studs. 
When  large  cells  are  used,  the  switch  arm  is  divided  in  the 
direction  of  its  length  into  two  parts,  the  distance  between  them 
being  such  that  the  forward  part  shall,  in  moving,  make  contact* 
with,  say,  the  second  stud  before  the  following  part  leaves  the 
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first  stud,  and  a  resistance  coil  is  in  circuit  between  the  two  parts 
of  the  arm  in  order  to  prevent  the  cell  being  short-circuited  and 
an  unduly  heavy  current  being  thereby  sent  from  stud  to  stud 
across  the  brush.  Where  this  arrangement  is  not  adopted  the 
distance  between  the  studs  should  be  greater  than  the  width  of 
the  brush,  with  the  result  that  there  is  a  momentary  disconnection 
as  the  brush  passes  from  stud  to  stud.  The  switches  are  made  in 
varying  sizes,  according  to  the  number  of  cells  required  to  be 
switched  out. 

A  similar  switch  is  required  between  the  battery  and  the  lamp 
circuit.     The  number  of  cells  to  be  cut  out  varies,  of  course,  with 
their  electro- motive  force.     When,  for  example,  the  cells  of  the 
battery  referred  to  on  page  642  are  charged  up  to  a  pressure  of 
2*4  volts  per  cell,  then  42  cells  will  suffice  to  maintain  the  lamp- 
pressure,  the  other  14  being  cut  out.       The  cells  in  use  vary, 
therefore,  from  42  to  53,  according  to  their  condition.     A  switch 
with  fourteen  studs  is  consequently  required.     The  negative  pole 
of  the  dynamo  should  be  joined  to  the  negative  pole  of  the  battery 
and  the  negative  conductor  of  the  lamp  circuit.    It  will  be  noticed 
that  the  number  of  cells  required  to  feed  the  lamps  must  always 
be  increased  when  the  dynamo  is  disconnected.       This   arises 
from  two  causes — first,  that  the  electro-motive  force  of  a  secondary 
cell  falls  immediately  the  charging  current  is  switched  off,  and 
secondly,  that  the  potential  difference  obtained  from  any  portion 
of  a  battery,  which  is,  at  the  same  time,  receiving  a  charge,  is 
made  up  of  two  parts — viz.  the  electro- motive  force  of  the  battery 
itself  plus  that  part  of  the  impressed  electro-motive  force  which 
has  to  be  applied  in  order  to  make  up  for  the  fall  of  potential  in 
overcoming  the  battery  resistance. 
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ARC  LAMPS 

In  this  and  the  following  chapter  we  have  to  deal  with  the  ques- 
tion of  illumination,  and  it  must  be  borne  in  mind  that  illumination 
is  the  whole  object  of  lighting,  so  that  it  is  very  essential  that  the 
student  should  be  careful  to  discriminate  between  the  amount 
of  light  developed  by  any  particular  source  and   the    resulting 
illumination — that  is  to  say,  the  relative  effectiveness  with  which 
that  light  is  distributed  and  utilised.    It  would  be  a  grand  achieve* 
ment  if  we  could  by  artificial  means  approach  ordinary  sunlight 
in  quality,  in  quantity,  or  even  in  uniformity  of  distribution.     This, 
however,  we  cannot  hope  to  do.     The  light  emitted  by  an  arc 
lamp  actually   approaches   in   quality  more   nearly  to  the  solar 
luminous  rays  than  does  that  of  any  other  artificial  illuminant, 
although  the  light  of  the  arc  itself  contains  in  reality  a  larger 
proportion  of  orange  or  yellow  rays  than  does  the  light  of  the 
sun,  and  if  examined  on  a  grey  day  when  there  are  no  colour 
contrasts  about,  the  '  light  shed  by  tolerably  good  arc  lamps  with 
tolerably  good  carbons  is  of  a  pale  primrose  or  straw  colour.' 
.This  is  in  direct  opposition  to  the  generally  prevalent  idea  that 
the  arc  light  is  bluish  and  even  violet,  but  the  illusion  arises  from 
the  fact  that  people  rarely  see  an  arc  lamp  burning  except  at 
night-time,   and  as  they  have  always  been  accustomed  to  the 
decidedly  yellow  gas,  oil,  or  candle  light,  they  naturally  by  com- 
parison consider  the  arc  blue.     Obviously  the  fact  of  the  lamp 
being  used  at  night  cannot  alter  the  colour  of  the  light  emitted. 
If,  however,  the  carbons  be  impure  there  is  usually  a  blue  or 
purple  tinge  which  may  be  due  to  the  absorption  of  yellow  rays 
by  the*  film  or  mist  of  incandescent  particles  which  surrounds  an 
ordinary  arc.     In  the  arc,  therefore,  the  approximation  in  quality 
to  solar  light  is  very  close. 
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It  is  a  remarkable  fact  that  until  about  the  year  1881  electric 
lighting  was,  except  in  the  laboratory,  only  performed  by  the  agency 
of  the  electric  arc,  a  development  of  the  classical    experiment 
made  by  Davy  about  a  hundred  years  ago,  when  he  employed  2000 
primary  cells  of  a  very  crude  type,  which  he  connected  to  two 
pieces  of  light  wood-charcoal  about  an  inch  long  and  one-sixth  of 
an  inch  in  diameter.     When  these  '  were  brought  near  each  other 
(within  the  thirtieth  or  fortieth  part  of  an  inch)  a  bright  spark  was 
produced,  and  more  than  half  the  volume  of  the  charcoal  became 
ignited  to  whiteness ;  and,  by  withdrawing  the  points  from  each 
other,  a  constant  discharge  took  place  through  the  heated  air  in 
a  space  equal  at  least  to  four  inches,  producing  a  most  brilliant 
ascending  arch  of  light,  broad  and  conical  in  form  in  the  middle.' 
When  any  substance  was  introduced  into  the  arch  or  arc  so  pro- 
duced, *  it  became  incandescent  ;   platinum  melted  like  wax  in 
the  flame  of  a  candle ;  sapphire,  magnesia,  lime,  and  the  most 
refractory  substances  were  fused.      Fragments  of  diamond  and 
granite  rapidly  disappeared  without    undergoing    any   previous 
fusion.'     The  arched  form   taken  by  the  luminous  particles  of 
carbon  resulted  from  the  upward  rush  of  the  subjacent  heated  air. 
Were  the  carbons  placed  vertically,  instead  of  horizontally,  the 
particles  would  be  disposed  differently,  and  bear  little  or  no  re- 
semblance to  an  arch.     The  term  arch,  in  its  abbreviated  form, 
arc,  is,  however,  retained  as  the  name  of  the  luminous  space 
between  the  carbons. 

The  electric  arc  can  be  produced  by  placing  in  electrical 
contact  two  rods  of  carbon,  either  of  the  gas  retort  or  of  the  pre> 
pared  type,  and,  after  applying  to  them  a  potential  difference  of 
about  45  volts,  drawing  them  apart  for  a  short  distance.  Such  a 
potential  difference  is  altogether  inadequate  to  cause  a  spark  to 
dart  across  even  the  shortest  measurable  air  space.  When,  how- 
ever, these  rods  are  made  to  touch,  a  current  is  initiated,  and,  the 
resistance  at  the  point  of  contact  being  somewhat  considerable, 
there  is  a  corresponding  amount  of  heat  developed  at  that  point 
If  the  carbons  are  kept  together  the  contact  surfaces  will  become 
more  or  less  incandescent,  although  the  amount  of  light  emitted 
will  be  relatively  small,  the  heated  surfaces  each  serving  as  a 
screen  to  intercept  the  light  of  the  other.      If  we,  however, 
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separate  the  carbons,  either  by  automatic  or  by  other  means, 
molecular  disintegration  and  volatilisation  of  the  carbon  take 
place,  and  the  air  space  is  impregnated  with  so  great  a  quantity 
of  carbon  particles  raised  by  the  current  to  a  state  of  incandes- 
cence that  the  resistance  of  the  space  is  so  far  reduced  as  to 
allow  the  current  to  be  maintained  by  a  comparatively  feeble 
electro-motive  force.  The  distance  to  which  the  carbons  can  be 
separated  without  breaking  the  arc,  and  thereby  disconnecting  the 
circuit,  depends  upon  the  e.m.f.  available,  and  can  therefore, 
within  certain  limits,  be  increased  by  increasing  the  number  of 
cells,  or  the  potential  difference  at  the  dynamo  terminals,  but  with 
an  e.m.f.  of  about  50  volts  at  the  lamp  terminals  the  length  of 
the  arc  should,  in  order  to  give  the  best  results,  be  limited  to 
three  or  four  millimetres. 

The  maintenance  of  the  ends  of  the  carbon  rods  in  a  state  of 
incandescence  involves  a  continual  disintegrating  effect  upon  the 
carbons,  as  well  as  a  certain  amount  of  consumption  by  ordinary 
combustion,  some  of  the  particles  uniting  chemically  with  the  con- 
stituents of  the  atmosphere.  The  products  of  combustion  are,  how- 
ever, very  much  smaller  in  quantity,  and  therefore  less  harmful, 
than  those  derived  from  a  corresponding  gas,  oil,  or  candle  flame. 
The  two  rods  are  not,  with  a  continuous  or  direct  current,  con- 
sumed at  equal  rates,  the  consumption  of  the  rod  connected  to 
the  positive  pole  of  the  dynamo  or  battery — and  called,  therefore, 
the  positive  carbon — being  approximately  twice  as  much  as  that 
of  the  other  or  negative  carbon ;  when  an  alternating  current  is 
employed  the  consumption  of  both  carbons  is  practically  the  same, 
because  each  becomes  in  turn  the  positive. 

An  arc  lamp  is  an  important  piece  of  apparatus,  which  carries 
two  rods  of  carbon,  which,  before  the  passage  of  the  current, 
are  placed  in  contact,  but  which  the  current  itself  in  passing 
must  separate,  and  simultaneously  set  up  between  them  a  path  of 
low  resistance,  so  that  the  current  can  continue  to  flow,  and  render 
the  ends  of  the  rods  incandescent.  But  in  order  to  maintain  the 
arc  it  is  also  essential  that  some  device  should  be  provided  for 
'feeding'  the  carbons  together,  at  a  rate  proportionate  to  their 
consumption.  It  is  obvious  that  in  order  to  maintain  this  cycle 
of  changes  a  greater  or  less  amount  of  mechanism  is  necessary. 
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Before,  however,  we  can  study  this  mechanism,  some  attention 
must  be  bestowed  upon  one  or  two  other  important  considera- 
tions. 

One  very  interesting  and  striking  feature  is  the  difference  of 
formation  given  to  the  carbon  rods.  In  the  majority  of  cases  arc 
lamps  are  maintained  by  direct  or  continuous  currents,  and  in 
such  cases  it  is  observed  that  the  end  of  the  positive  rod,  whatever 
may  be  its  initial  shape  or  form,  becomes  in  a  short  time  (see 
fig-  313)  worn  down  to  a  somewhat  conical  form.  The  apex  of 
the  cone  is,  however,  absent,  the  extreme  end  of  the  carbon  being 
Bi#i  hollowed  out  so  as  to  form  a  kind  of 

crater;  and  it  is  in  the  hollow  of  this 
crater  that  the  most  intense  heat  is 
developed,  constituting  it,  therefore,  the 
chief  source  of  light.  The  negative  rod 
is  gradually  consumed  until  its  extremity 
is  of  a  fairly  true  conical  shape,  but  some- 
what sharper  thart  the  positive  carbon, 
and  it  is  interesting  to  observe  that  some 
of  the  particles  of  which  the  positive  rod 
is  denuded  are  condensed  upon  the  sur- 
face of  the  negative  rod.  If,  after  being 
allowed  to  burn  for  a  sufficient  time  so 
as  to  form  a  crater  at  the  end  of  the 
positive  carbon,  the  direction  of  the 
current  were  reversed,  this  crater  would 
be  gradually  destroyed  and  another 
formed  on  the  other  carbon.  We  can  readily  understand,  there- 
fore, that  when  the  current  rapidly  alternates  in  direction  both  the 
carbons  will  be  similarly  tapered,  and  that  on  neither  of  them 
will  a  definite  crater  be  formed. 

If  the  hot  crater  of  a  direct  current  arc  is  examined  through 
a  sheet  of  blue  glass  it  will  readily  be  seen  that  it  is  by  far  the 
most  intensely  luminous  (and  therefore  the  most  intensely  heated) 
portion  of  the  arc.  So  great  is  the  difference  between  the 
temperatures  of  the  two  carbons,  that  while  the  negative  ceases 
to  be  luminous  almost  immediately  after  the  current  has  been 
switched  off,  the  positive  in   the  region  of  the  crater  r 
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white  or  red  hot  for  an  appreciable  time.  When  this  carbon  has 
cooled  down  so  that  it  may  be  handled  without  inconvenience,  it 
will  be  seen  that  the  crater  is  not  only  very  clearly  defined,  but 
that  its  surface  presents  a  smooth  and  somewhat  metallic  appear- 
ance, and  would  seem  to  warrant  the  assumption  that  the  exceed- 
ingly obdurate  carbon,  which  has  never  been  seen  in  the  liquid 
state,  has  been  actually  fused  and  re-solidified. 

It  has  been  estimated  that  while  85  per  cent,  of  the  light  is 
derived  from  the  positive  carbon,  only  10  per  cent,  comes  from 
the  negative  carbon,  the  remaining  5  per  cent,  being  attributed  to 
the  '  flame,'  or  the  illuminated  particles  between  the  two  carbons. 
These  figures  are  only  true  for  a  certain  pair  of  carbons  burning 
under  certain  conditions,  but  they  are   sufficiently  accurate  for 
general  purposes,  and  some  rough  idea  of  the  relative  thermal 
intensities  of  the  various  parts  of  the  arc  may  be  gathered  from 
them.     It  is  not  altogether  unusual  to  speak  of  the  temperature 
attained  by  the  negative  carbon  as  being  largely  due  to  its  under- 
going a  '  roasting '  process  in  front  of  the  positive  carbon,  but  this 
is  evidently  not  quite  correct,  for  the  temperature  attained  by  the 
negative  carbon  is  in  reality  very  high,  and  is  largely  due  to  the 
accretion  of  white-hot  carbon  particles  which  are  precipitated  upon 
it  from  the  crater.     The  actual  temperature  attained  by  the  two 
carbons  is  to  some  extent  a  matter  of  conjecture.     If  carbon  had 
ever,  in  any  other  circumstances,  been  liquefied  or  volatilised, 
the  question  would  have  been  rendered  much  easier,  for  then  we 
should  in  all  probability  have  known  the  temperature  at  which  the 
change  from  the  solid  or  liquid  state  takes  place,  and  we  should 
therefore  have   known   the  limiting   temperature   to   which  the 
crater  of  the  positive  carbon  could  be  raised.      We  shall  have 
occasion  to   refer   again    to    this   point,    but  it  may    here   be 
observed    that  experiment  would  appear  to  indicate  that  the 
temperature  attained  by  the  positive  carbon  is  about  35000  C, 
the  temperature  of  the  negative  being  somewhere  between  21000 
and  25000  C. 

It  is,  as  will  be  more  evident  presently,  a  matter  of  some 
importance  that  if,  on  different  occasions,  a  carbon  rod  were 
raised  to  the  same  luminosity,  it  would  be  at  the  same  tempera- 
ture ;  and,  vice  versdy  if  it  were  raised  to  the  same  temperature  on 
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different  occasions,  the  light  emitted  in  each  case  would  be  of  tk 
same  intensity. 

For  the  sake  of  those  of  our  readers  who  are  not  acquainted 
with  the  character  of  a  beam  of  light  a  few  words  on  the  subject 
may  not  be  out  of  place.     Pure  white  light  is  in  reality  composed 
of  rays  of  seven  different  colours  superposed  upon  one  another,  or 
blended  together.     These  colours  are  red,  orange,  yellow,  green, 
blue,  indigo,  and  violet,  and  it  is  by  the  simultaneous  reception  of 
these  rays,  in  certain  definite  proportions,  by  the  optic  nerves  that 
the  sensation  of  white  light  is  conveyed  to  the  brain.     The  gene- 
rally accepted  theory,  which  endeavours  to  explain  the  manner 
in  which  a  beam  of  light  is  propagated,  is  based  on  the  assump- 
tion that  all  interstellar  space,  and   likewise  the  space  between 
the  minute  particles  of  all  material  bodies,  is  pervaded  by  that 
mysterious  medium  already  referred  to  as  ether. 

A  body  may  be  said  to  be  a  luminous  substance  when  it  is  a 
source  of  light-rays,  such  as  the  sun  or  a  candle-flame.  Now  the 
luminosity  of  a  body  is  ascribed  to  an  almost  infinitely  rapid 
vibration  of  its  molecules ;  this  vibratory  motion  is  communicated 
to  the  ether  particles  pervading  and  enveloping  the  substance,  and 
is  propagated  in  all  directions  in  the  form  of  spherical  wave- 
motions.  The  colour  of  the  ray  varies  with  or  is  determined  by 
the  rate  of  vibration. 

If  a  beam  of  solar  light  (s,  fig.  314)  is  allowed  to  pass  through 
a  hole  in  the  shutter  or  wall  of  an  otherwise  absolutely  dark  room, 
it  will  illuminate  a  small  section  of  the  floor,  k,  but  if  a  prism  or 
wedge-shaped   piece  of  glass,  p,   is  placed  in  the  track  of  the 
beam  of  light,   after  the   manner   shown   in   the   diagram,  the 
beam  will  be  diverted  or  *  refracted '  and  the  rays  separated  ;  on 
emerging  and  being  allowed  to  fall  upon  the  screen,  h,  or  even 
on  the  wall  of  the  room,  the  beam  will  be  found  to  consist  of  the 
seven  colours  above  enumerated.     This  many-coloured  band  of 
light  is  generally  referred  to  as  the  spectrum.     The  velocity  with 
which  light  travels  is  about  186,000  miles  per  second,  and  it  has 
been  calculated  that  the  length  of  a  wave  of  the  extreme  red  end 
of  the  spectrum  (that  is  to  say,  of  a  luminous  ray  having  the 
lowest  rate  of  vibration)  is  such  that  39,000  such  waves,  placed* 
end  to  end,  would  cover  only  one  inch,  while  64,631  of  the 
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extreme  violet  waves  would  be  required  to  span  the  same 
distance.  It  follows  that  in  one  second,  464  millions  of  millions 
of  red  waves,  and  678  millions  of  millions  of  violet  waves,  enter 
the  eye  and  strike  the  optic  nerves. 

If  a  beam  be  not  of  a  pure  white  colour,  the  impurity  or 
irregularity  may  be  due  to  the  chemical  constitution  of  the  source 
of  light,  or  to  varying  degrees  of  luminosity.  For  example,  if  1 
beam  from  a  red-hot  substance  is  allowed  to  fall  upon  the  prism 
referred  to  above,  the  decomposition  or  separation  of  the  rays 
will  not  result  in  the  formation  of  the  seven  coloured  bands, 
those  near  the  violet  end  of  the  spectrum  being  absent  on 
account  of  the  vibrations  being  insufficiently  rapid  to  produce 


them.  When  a  source  of  light  is  heated  to  different  degrees 
of  luminosity,  the  spectra  resulting  therefrom  will  consequently 
vary,  while,  on  the  other  hand,  if  it  is  raised  at  different  times 
to  the  same  temperature,  and  therefore  to  the  same  degree 
of  luminosity,  the  spectra  obtained  will  be  the  same  in  every 
case. 

A  very  simple  piece  of  apparatus,  called  the  '  horizontal  slit ' 
photometer,  has  been  devised  by  Dr.  Nichols  for  the  purpose  of 
facilitating  the  simultaneous  study  of  the  spectra  from  two  separate 
sources  of  light.  The  instrument  is  illustrated  in  fig.  315.  It  con- 
sists of  a  direct-vision  spectroscope  (an  instrument  for  observing 
spectra)  with  a  horizontal  slit.    Immediately  in  front  of  the  slit 
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are  two  '  totally  reflecting '  prisms  a,  a'.  The  shape  of  these 
prisms  is  such  that  the  rays  from  the  lamps  situate,  say,  at  c  and  d, 
instead  of  passing  straight  through,  are  entirely  reflected  from  the 
inclined  faces,  the  angle  which  the  reflected  rays  make  with  these 
faces  being,  in  accordance  with  the  accepted  law,  equal  to  that 
made  by  the  incident  rays.     The  direction  of  the  two  sets  of  rays 
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is  indicated  in  the  figure  by  the  dotted  lines.  The  rays  after  pass- 
ing through  the  slit  traverse  the  dispersing  or  analysing  prisms 
p,  p',  where  they  are  decomposed  into  their  several  component 
colours,  and  the  two  spectra  are  projected  side  by  side,  and  can 
be  viewed  together  through  the  eye-piece  E,  which  is  furnished 
for  the  purpose  with  a  horizontal  cross  wire  and  a  diaphragm 
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with  a  narrow  rectangular  opening.  This  eye-piece,  together 
with  the  first  joint  of  the  telescope  arrangement,  is  movable 
about  b,  the  centre  of  a  graduated  semicircle,  as  shown  in 
fig.  316,  which  is  a  diagrammatic  view  taken  at  an  angle  of  900 
with  that  shown  in  fig.  315.  Thus  the  whole  range  of  the 
spectra  can  be  very  conveniently  studied. 


chap,  xv  Volatilisation  655 

Now  it   has  been  ascertained  that  the  spectra  of  the  light 
emitted  by  the  incandescent  crater  of  a  pure  carbon  rod  are  always 
the  same,  that  in  fact  the  same  proportion  between  the  various 
coloured  bands  is  always  evidenced,  whence  it  is  deduced  that  the 
temperature  of  that  portion  of  the  fully  developed  arc  is  always 
raised  to  the  same  point     This  constitutes  one  great  reason  for 
accepting  the  proposition  that  the  true  arc  is  attained  when  there 
is  a  volatilisation  of  the  carbon ;  for,  so  far  as  experiment  has 
hitherto  led  us,  there  is  for  a  given  material  a  constant  critical 
point  of  temperature  at  which  a  change  from  the  solid  to  the 
liquid  or  to  the  gaseous  state  ensues,  and,  the  most  important 
point  of  all,  this  temperature  is  not  any  further  increased  until  the 
whole  of  the  solid  body  has  been  so  changed.     The  admixture 
with   the  carbon  of  any  foreign   body  (all  such   bodies  having 
a  lower  critical  temperature  than  carbon)  lowers  the  temperature 
at  which  volatilisation  ensues,  and  therefore  reduces  the  luminosity 
of  the  crater.     Moreover,  when  a  body  is  transformed  from  the 
solid  to  the  liquid  or  gaseous  state,  a  certain  amount  of  heat, 
known  as  the  latent  heat,  is  absorbed  in  the  process.      Thus 
one  pound  of  ice  at  the  freezing  temperature  absorbs  about  as 
much  heat  during  its  conversion  into  water  at  the  same  tempera- 
ture as  would  suffice  to  raise  the  same  mass  of  water  from  the 
freezing  temperature  to  8o°  C. ;  whence  the  latent  heat  of  water 
is  said  to  be  8o°  C.     On  the  other  hand,  when  a  liquid  is  solidified 
a  corresponding  amount  of  heat  is  given  out  during  the  change. 
Thus  one  pound  of  water  at  the  freezing  temperature  in  being 
converted  into  ice  gives  out  as  much  heat  as  would, raise  the 
temperature  of  the  same  mass  to  8o°  C. 

Again,  if  we  apply  heat  to  water  contained  in  an  open  vessel 
it  will  be  found  impossible  to  raise  the  temperature  above  ioo°  G* 
any  further  heat  being  rendered  latent  in  the  steam  which  escapes. 
The  steam  on  resuming  the  liquid  state  will  give  up  this  latent 
heat.  Similarly  with  the  electric  arc.  There  is  considerable 
electrical  resistance  at  the  surface  of  the  carbons,  the  ends  of  which 
are,  therefore,  on  being  separated,  raised  to  almost  a  white  heat, 
and,  the  current  being  maintained,  the  temperature  of  the  positive 
carbon  is  further  raised  until  the  temperature  of  volatilisation 
is  reached.    The  vapour  consequently  absorbs  a  considerable 
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amount  of  energy,  yielding  it  up  again  on  re-solidification.    The 
essential  point  to  be  noticed  is  that,  the  temperature  of  volatilisa- 
tion having  been  once  attained,  no  further  increase  can  be  made: 
that  is  to  say,  the  temperature  at  which  the  physical  change  from 
the  solid  to  the  gaseous  stale  takes  place  is  the  limiting  temperature 
to  which  the  carbon  can  be  raised.     This  means  that  there  is  a  limit 
to  the  intensity  of  the  light  which  a  given  pair  of  carbons  can  be 
made  to  yield.    The  student  must  carefully  discriminate  between  the 
luminous  intensity— or,  as  it  is  more  generally  called,  the  *  intrinsic 
brilliance1 — of  the  arc,  and  the  quantity  of  luminous  rays  which  the 
arc  can  develop.     By  the  intrinsic  brilliance  is  meant  the  quantity 
of  light  or  of  luminous  rays  emitted  per  square  millimetre  of  crater, 
and  it  is  this  intrinsic  brilliance  which  is  limited  by  the  temperature 
of  volatilisation.     The  total  quantity  of  light  emitted  by  an  arc  is  the 
product  of  this  intrinsic  brilliance  into  the  area  of  the  crater,  and 
it  is  important  to  remember  that,  when  the  temperature  of  volatili- 
sation   has    been    reached,  any  further    augmentation    in    the 
strength  of  the   current   results  in  an   increase  in  the   area  of 
the  crater,  and  there  is,  of  course,  a  proportional  increase  in  the 
quantity  of  light  emitted.     This  fact  is  confirmed  by  the  experi- 
ments of  M.  Violle,  who  showed  that  the  intrinsic  brilliance  of 
the  crater  remains  sensibly  constant  when  the  power  supplied 
is  raised  through  a  range  of  1  to  60,  and  he  also  found  the  in- 
trinsic brilliance  of  the  crater  identical  for  all  carbon  arcs.    The 
measurements  taken  in  various  parts  of  the  spectrum  and  the 
photographs  obtained  '  left  no  doubt  whatever  on  this  point'     The 
power  supplied  to  the  arcs  with  which  he  experimented  ranged 
from  10  amperes  at  50  volts  up  to  400  amperes  at   85  volts, 
and  it  was  in  this  series  of  experiments  that  the  temperature  of 
volatilisation  was  estimated  to  be  not  less  than  35000  C.     The 
intrinsic  brilliance  of  a  fully  developed  arc  has  not  yet   been 
definitely  determined,  but  has  been  estimated  by  various  autho- 
rities at  values  ranging  from  146  to  170,  or  an  average  of  158 
candle-power  per  square  millimetre  of  crater  area.    According  to 
M.  Blondel,  who  has  worked  assiduously  in  striving   to  solve 
many  of  the  problems  in  arc  lighting,  the  intrinsic  brilliance  of 
carbon  at  35000  C.  is  8000  times  as  great  as  that  of  platinum  at 
1775°  c. 
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The  positive  carbon  being  made  hotter  than  the  negative,  but 
yet  not  exceeding  a  certain  maximum,  warrants  the  assumption 
that  the  negative  is  never  volatilised,  and  that  any  diminution  in 
size  which  the  latter  may  suffer  must  arise  from  simple  com- 
bustion consequent  upon  the  combination  of  the  red-hot  carbon 
with  atmospheric  oxygen.  But  as  there  is  no  free  oxygen  in 
the  track  of  the  current — that  is,  along  the  line  joining  the  two 
carbons — the  combustion  takes  place  around  the  outer  surfaces 
of  the  carbon,  and  this  accounts  in  a  great  measure  for  the 
conical  shape  assumed  by  it.  To  a  similar  action  must  also  be 
ascribed  the  partial  tapering  of  the  positive  carbon. 

Accepting  the  theory  that  the  carbon  is  gradually  volatilised  in 
the  crater,  and  that  there  is  a  certain  definite  temperature  at  which 
this  volatilisation  takes  place,  there  is  also  involved  the  necessity 
for  the  expenditure  of  a  certain  definite  minimum  amount  of  energy 
in  order  that  these  changes  may  be  brought  about     It  has  been 
observed  that,  in  order  to  maintain  a  properly  developed  arc,  a 
potential  difference  of  about  44  volts  between  the  two  carbons  is 
necessary,  and  it  has  also  been  demonstrated  by  joining  a  volt- 
meter on  the  one  side  to  the  positive  carbon  rod,  and  on  the 
other  to  a  carbon  pencil  inserted  horizontally  in  the  arc  between 
the  rods,  that  38  or  39  volts  are  lost  or  expended  at  or  near  the 
surface  of  the  crater,  the  remaining  5  or  6  volts  sufficing  to  main- 
tain the  current  through  the  carbon  and  other  vapours  between 
the  two  rods.     Several  explanations  of  this  sudden  fall  of  potential 
at  the  crater  have  been  attempted.    One  of  them  is  that  the 
phenomenon  is  due  simply  to  the  contact  resistance  between  the 
carbon  and  the  air  or  vapour  adjacent  to  it,  but  if  this  were 
accepted  it  would  be  difficult  to  account  for  the  absence  of  a 
corresponding  resistance  at  the  surface  of  the  negative  carbon. 
It  is  far  more  likely  that  the  fall  is  due  directly  to  the  volatilisation 
of  the  carbon,  and  that  the  volts  absorbed  afford  a  measure  of  the 
energy  required   in    overcoming    the    molecular  attractions   or 
cohesive  force  of  the  carbon  particles.     It  has  been  suggested  that 
these  reactions  result  in  the  establishment  of  a  counter  electro- 
motive force  in  the  arc,  between  the   carbon  vapour  and  the 
positive  rod,  amounting  to  nearly  39  volts.     When,  however,  the 
current  is  switched  off,  no  evidence  is  obtainable  of  the  existence 

u  u 
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of  any  appreciable  back  e.m.f.  between  the  carbons.  The  gases 
between  the  rods  speedily  get  cool  or  even  displaced,  and  con- 
sequently the  carbons  are  separated  by  an  almost  perfect  insulator, 
and,  the  electrical  condition  of  the  carbon  vapour  being  a  pan- 
mount  factor  in  the  question,  it  follows  that  the  only  free  portions 
of  such  electricity  as  would  flow,  did  circumstances  permit,  would 
be  those  existing  on  the  electrodes,  and  these  are  in  any  case  very 
trifling.  If  we  were  able  by  some  means  other  than  the  axe  itself 
to  have  the  two  carbons  raised  to  and  maintained  at  temperatures 
such  as  they  attain  in  the  arc,  we  might  perhaps  obtain  some 
direct  proof  of  the  existence  or  otherwise  of  this  back  e.m.f. 

The  whole  question  of  the  existence  or  otherwise  of  a  counter 
electro-motive  force  is,  therefore,  still  shrouded  in  doubt ;  but  this 
much  is  certain,  that  there  is  in  a  properly  developed  arc  a  fall  of 
potential  in  the  immediate  neighbourhood  of  the  crater  of  about 
39  volts,  and  this  fall  is  independent  of  the  length  of  the  arc,  of 
the  area  of  the  crater,  and  of  the  true  or  ohmic  resistance  of  the 
various  parts  of  the  circuit.  It  is  an  interesting  fact,  and  one 
which  has  given  rise  to  many  different  conjectures,  that  the 
apparent  .resistance  of  the  arc  does  not  increase  proportionally 
with  the  distance  between  the  rods.  The  resistance  of  an  arc  of 
6  millimetres,  for  example,  is  nothing  like  double  that  of  an 
arc  of  3  millimetres.  If,  for  example,  a  reference  be  made  to 
fig.  319  (page  662)  it  will  be  seen  that  a  3-millimetre  arc  can  be 
maintained  with  a  potential  difference  of  about  48  volts  and  a 
current  of  12  amperes,  so  that  the  resistance  between  the  points  at 

which  the  voltmeter  terminals  are  applied  is  *    =  4" .    Similarly, 

a  6-millimetre  arc  can  be  maintained  when  the  potential  difference 
is  about  57*5  volts  and  the  current  12  amperes,  or  an  apparent 

resistance   of  ^_ZJ>  =  4S"  .     It  is  thus  shown  that  although  the 

12 

length  of  the  arc  is  doubled,  the  increase  in  its  resistance  is  only 
about  20  per  cent.  But  this  is  only  what  should  be  expected  if 
the  theory  of  volatilisation  of  the  positive  carbon  is  correct,  for, 
however  long  the  arc  may  be,  the  volatilisation  can  only  take  place 
in  the  crater.  If  the  resistance  of  the  air-space,  with  its  impregna- 
tion of  carbon  particles,  were  the  only  element  entering  into  the 
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question,  the  resistances  in  the  two  cases  instanced  should  be  as 
two  to  one.  But  the  experiments  which  have  been  made  with 
arcs  of  different  lengths  (the  electro-motive  force  being  also  varied 
so  as  to  keep  the  current  strength  constant)  have  shown  that  if 
we  allow  for  a  definite  fall  of  39  volts  at  the  crater  there  remains 
a  resistance  which  varies  proportionally  with  the  length  of  the  arc, 
and  which  affords  thereby  a  demonstration  of  the  actual  existence 
of  a  sudden  drop  at  this  point,  which  might  be  due  either  to  the 
development  and  maintenance  of  a  counter  e.m.f.,  to  the  energy 
absorbed  by  the  carbon  in  volatilising,  or,  as  Mrs.  Ayrton  has 
suggested,  to  the  work  done  in  overcoming  the  resistance  of  a 
thin  film  of  carbon  vapour  in  intimate  contact  with  the  surface  of 
the  crater  and  separating  it  from  the  remainder  of  the  arc.  It  is 
difficult  to  resist  the  weight  of  evidence  in  favour  of  the  volatilisa- 
tion hypothesis.  If  the  student  turns  again  to  the  experiments 
with  the  3-millimetre  and  6-millimetre  arcs,  and  deducts  from  the 
potential  differences  the  39  volts  attributed  to  the  volatilisation 

process,  the  resistance  in  the  former  case  becomes  *  .""39  _  075* 

and  in  the  latter  57  5~"39  .-■  i-ca«  or  practically  1 :  2. 

12 

The  great  practical  lesson  to  be  derived  from  a  knowledge 
of  this  effect,  however,  is  that  the  potential  difference  which  is 
applied  to  the  lamp  must  always  exceed  39  volts,  or  it  will  fail  to 
maintain  the  arc.  It  is,  in  fact,  usual  to  provide  on  a  direct 
current  circuit  a  potential  difference  of  about  50  volts  for  each 
lamp  ;  the  actual  or  true  resistance  of  the  air-space  separating  the 
carbons  when  they  are  in  the  normal  position  for  lighting,  say  at  a 
distance  of  about  3  millimetres  apart,  being  variously  estimated 
at  something  between  one-fifth  and  one-half  of  an  ohm. 

When  the  potential  difference  between  the  carbons  falls  below 
40  volts  a  steady  arc  cannot  be  maintained,  and  the  carbons  rise 
and  fall  (  or  '  pump ')  vigorously — that  is  to  say,  the  current  with 
the  carbons  in  contact  is,  consequent  upon  the  reduced  resistance, 
heavy,  and  the  carbons  accordingly  separate  and  strike  the  arc ; 
but  the  feeble  electro- motive  force  provided  is  incompetent  to 
cause  the  all-important  volatilisation  of  the  carbon,  and  the  path 
for  the  current  is  wanting  in  the  required  amount  of  carbon  vapour. 

u  u  a 
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As  a  consequence,  the  carbons  feed  forward  rapidly,  to  be  tff 
jerked  apart,  and,  these  reactions  being  continued,   we  hii? 
variable  and  unsteady  arc.    In  these  circumstances  no  true  axz 
is  completely  formed  ;  there  is  no  true  volatilisation,  and  oadu' 
of  the  carbons  is  raised  to  its  limiting  temperature.      They  it 
rendered  only  feebly  incandescent,  and  comparatively  little  '.e 
is  emitted.     There  is  a  peculiar  phenomenon  which    freemtifc 
accompanies  an  unsteady  arc,  which  is  known,  from   the   not* 
emitted,  as  hissing.     It  has  been  demonstrated  by  Mrs.  Avn 
that  this  effect  is  due  to  an  abnormal  enlargement  of  the  crate 
and  a  consequent  accession  Ftr    iK 

of  oxygen  to  the  volatilising 
carbon.  So  tongas  the  crater 
is  confined  within  the  limits 
of  the  end  of  the  positive 
carbon  the  arc  is  silent,  but 
if  from  any  cause  the  current 


is  so  far  increased  that  the  crater  has  no  alternative  but  U 
exceed  those  limits,  and  extend  up  the  side  of  the  rod  {in 
order  that  the  required  crater  area  may  be  provided),  the  air, 
that  is  to  say  oxygen,  will  be  brought  into  contact  with  tht 
crater,  and  the  arc  will  hiss.  Figs.  317  and  318,  which  are  repro- 
duced from  Mrs.  Ayrton's  work  on  the  electric  arc,  will  perbapi 
make  this  clearer.  Fig.  3 1 7  is  a  representation  of  the  ends  of  the 
solid  carbon  rods  of  1 1  millimetres  diameter  for  the  positive  and 
9  millimetres  for  the  negative  when  a  current  of  6  amperes  is  alio1 
to  flow.  It  will  be  seen  that  the  area  of  the  crater  B  c  is  well 
within  the  limits  of  the  diameter  of  the  carbon,  and  that  the  conical 
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tip  is  well  formed ;  a  silent  arc,  therefore,  results.  In  the  ex- 
periment illustrated  in  fig.  318  the  same  carbons  were  used,  and  the 
length  of  the  arc  was  the  same  as  in  the  former  case,  but  the  current 
was  increased  five-fold,  that  is  to  30  amperes.  The  area  of  the  crater 
represented  by  b  c  is  much  greater,  and  has,  in  fact,  extended  up 
the  side  of  the  carbon  towards  a,  and  the  result  is  that  the 
peculiar  hissing  ensues.  Moreover,  the  conical  tip  has  disappeared, 
and  the  diameter  of  the  end  of  the  rod  is  very  little  less  than  that 
of  the  upper  portion,  and  Mrs.  Ayrton  has  found  that  with  a  hissing 
arc  it  is  quite  the  usual  thing  for  the  conical  end  to  be  consumed 
so  that  the  crater  occupies  an  area  almost  equal  to  the  cross- 
section  of  the  carbon,  and  is  then  compelled  to  creep  up  the 
almost  vertical  sides  of  the  rod.  It  thus  becomes  easy  for  the 
atmospheric  oxygen  to  have  access  to  the  crater,  and  to  cause  the 
chemical  combustion  of  the  carbon  which  results  in  hissing.  A 
hissing  arc  is  also  usually  accompanied  by  a  tall  mushroom  growth 
on  the  tip  of  the  negative  carbon,  consequent  upon  a  copious  dis- 
charge of  carbon  particles  from  the  positive  rod.  One  very  in- 
teresting feature  is  that  just  as  the  hissing  commences  there  is  a 
distinct  fall  of  something  like  10  volts  in  the  potential  difference 
between  the  carbons,  that  the  current  also  rises  in  strength  to  the 
extent  of  2  or  3  amperes,  and  that  if  the  current  be  still  further 
increased  the  hissing  is  maintained,  while  there  is  only  a  fractional 
rise  in  the  potential  difference.  Fig.  319  shows  the  results  of  a 
large  number  of  tests  which  were  made  between  a  pair  of  solid 
carbons  of  1 1  millimetres  diameter  for  the  positive,  and  9  millimetres 
for  the  negative.  The  current  was  gradually  increased  from  2  to 
30  amperes,  and  the  length  of  the  arc,  or  the  distance  between 
the  carbons,  varied  from  1  millimetre  to  7  millimetres.  The  small 
circles  indicate  the  several  points  at  which  measurements  were  taken. 
The  dotted  lines  indicate  the  unstable  conditions  where  the  point  of 
the  positive  carbon  has  been  consumed  and  the  area  of  the  crater 
has  begun  to  extend  up  the  side  of  the  carbon.  After  this  exten- 
sion and  the  potential  difference  has  fallen  a  matter  of  ten  volts, 
hissing  is  maintained  under  a  steady  potential  difference  although 
the  current  may  be  increased  considerably.  The  passage  from 
the  steady  to  the  hissing  stage  is  very  sudden,  and  it  is  interesting 
to  note  that  the  greater  the  length  of  the  arc,  the  greater  is  the 
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current  which  can  be  maintained  without  the  risk  of  passing  tk 
critical  point  and  setting  up  hissing. 

Letting  it  be  granted  that  the  minimum  potential  difference 
required  is  determined  by  the  temperature  of  volatilisation,  ii 
should  be  evident  that  a  smaller  difference  would  be  sufficient  to 
maintain  a  given  current  between  any  pair  of  rods,  such  as  iron. 
copper,  or  zinc,  which  have  a  lower  '  boiling-point  '  (or  temper* 
ture  of  volatilisation)  than  carbon,  and  that,  as  a  correspondingrf 


smaller  amount  of  energy  is  absorbed,  the  intensity  of  the  light 
emitted,  or  the  intrinsic  brilliance  of  the  arc,  should  be  reduced 

We  have,  as  a  matter  of  fact,  demonstrated  this  point  experi- 
mentally ;  for  example,  two  arc  lamps  were  placed  in  series  so  that 
the  same  current  was  maintained  through  them,  but  one  of  the 
lamps  had  carbon  rods,  while  the  other  had  iron  rods  of  similar 
dimensions.  The  illuminating  powers  were  then  compared  by 
placing  the  lamps  on  opposite  sides  of  the  disc  of  a  Hartley's 
Bunsen  photometer.     The  potential  differences  absorbed  by  the 
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respective  pairs  of  rods  were  measured  simultaneously,  and  it  was 
found,  for  example,  that  with  a  current  of  10  amperes  and  arcs  of 
equal  length  the  carbons  absorbed  57  volts,  while  the  iron  rods 
took  only  27  volts.     A  few  of  the  results  are  appended  : — 


Current 

in 
Amperes 


Volts  between  ends  of  rods 
1  Iron 


Distances  in  centimetres  from 
photometer  disc 


TO 

7*5 


8-6 


Carbon 

57 
55 
53 


55 


27 
26 

25 

Averages 
26 


Carbon 

65 
64 

63 


64 


Iron 

32 
31 
30 


31 


In  each  case  the  arcs  were  of  equal  length,  about  T\  inch.  The 
iron  used  was  soft,  and  of  the  same  diameter  as  the  carbon.  It  is 
interesting  to  notice  that  no  spluttering  was  observed  in  the  iron 
arc  after  the  current  became  steady,  and  it  will  be  seen  that  the 
potential  difference  required  by  the  iron  arc  was  only  about  half 
that  necessary  for  the  ordinary  carbon  arc,  while  the  illumination 
was  only  about  one-fourth,  as  evidenced  by  the  fact  that  the 
average  distance  of  the  carbon  from  the  photometer  disc  was 
twice  that  of  the  iron,  clearly  showing  that  the  electrode  with  the 
higher  boiling-point  required  a  higher  electro-motive  force,  and 
that  as  the  temperature  of  the  electrodes  was  increased  the  effi- 
ciency of  the  lamp  was  enhanced. 

Similar  experiments  were  performed  with  rods  of  copper,  brass, 
and  other  metals  in  place  of  the  carbon,  but  they  all  told  the 
same  tale — namely,  that  the  required  electro-motive  force  depends 
upon  the  volatilisation  temperature  or  boiling-point  of  the  material 
of  which  the  electrodes  were  composed.  The  experiment  with 
zinc  rods  was  highly  entertaining.  They  spluttered  and  guttered 
considerably,  although  a  fairly  steady  arc  was  capable  of  being 
maintained  for  a  short  time.  Occasionally  the  upper  rod  would 
penetrate  some  distance  into  the  lower,  the  centre  of  which  simply 
resolved  itself  into  a  mass  of  molten  metal  encased  in  a  solid 
tube,  which  would  ultimately  give  way  some  distance  down  the 
rod  and  allow  the  molten  zinc  to  run  out. 


664 


Electrical  Engineering 


An  arc  lamp  has  recently  been  devised,  known  as  die 
'  Magnetite '  lamp,  in  which  the  positive  rod  is  of  copper  while 
the  negative  consists  of  a  mixture  of  black  oxide  of  iron  and 
certain  chromium  salts.  It  is  said  that  the  lamp  is  efficient  and 
effective,  but  there  is  not  enough  known  about  it  to  enable  a 
definite  opinion  to  be  formed.  As  both  rods  volatilise  at  a 
comparatively  low  temperature,  and  as  copper  oxidises  at  a  low 
temperature,  it  would  appear  that  the  intrinsic  brilliance  is  of  a 
low  order  and  that  atmospheric  oxygen  is  prevented  from  having 
access  to  the  arc.  The  character  of  the  lamp  is  here  referred  to 
in  order  that  the  student  may  follow  the  trend  of  modern  thought 
in  such  matters,  and  he  will  do  well  to 
remember  this  point  when  studying  the  latter 
portion  of  this  chapter. 

When  the  distance  between  the  carbons 
of  an  ordinary  arc  lamp  is  excessive  the 
resistance  becomes  too  great  to  allow  a 
stable  arc  to  be  maintained,  the  end  of  the 
lower,  or  negative,  carbon  becomes  less 
tapered  or  conical,  and  the  arc  flares  and 
flickers,  travelling  from  side  to  side  across 
the  carbons.  There  is  then  a  considerable 
increase  in  the  amount  of  chemical  combus- 
tion going  on,  because  the  air  necessary  for 
combustion  is  more  freely  and  more  effec- 
tively supplied,  with  the  result  that  the 
electrical  efficiency  is  reduced  and  the 
illumination  becomes  very  variable.  When  the  distance  is  small 
the  taper  of  the  negative  carbon  is  lengthened,  and  the  illuminating 
power  of  the  arc  is  reduced  by  each  carbon  acting  as  a  screen  for 
the  other.  This  shortening  of  the  arc  is  accompanied  by  a  very 
imperfect  crater,  and  it  is  only  from  a  portion  of  this  crater  that 
the  arc  is  at  any  one  moment  passing.  The  longer  taper  is 
attributed  to  a  deposit  of  carbon  particles  from  the  positive  rod. 
These  particles  are  emitted  under  all  conditions,  but  it  is  only 
when  the  carbon  rods  are  close  together,  and  consequently  the 
number  of  particles  is  greatly  increased,  that  a  sufficient  quantity 
reaches  the  negative  carbon  to  form  the  extra  tip.     The  taper  of 
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the  negative  carbon  is  also  lengthened  as  the  current  is  increased. 
As  we  have  already  indicated,  however,  the  taper,  in  this  case  is 
mainly  attributable  to  combustion  of  the  carbon  owing  to  a  greater 
amount  of  it  being  raised  to  a  sufficiently  high  temperature. 
When  the  carbons  are  too  large  the  arc  is  liable  to  shift  and  get 
out  of  centre. 

It  has  been  pointed  out  by  Mrs.  Ayrton  that  the  high 
temperature  to  which  the  inner  portion  of  the  positive  carbon  is 
raised  causes  the  outer  portion  to  expand  and  split,  forming  a 
sort  of  fringe  which  hangs  down  over  the  inner  and  hotter  part 
from  which  it  has  broken  away,  as  shown 
in  fig.  320,  where  a  a  represent  the  fringe 
and  B  the  solid  carbon.  '  Between  this 
crust — which  crumbles  at  a  touch  when 
cold — and  the  body  of  the  carbon  there 
is  a  space  of  from  o'$  millimetre  to 
1  millimetre,  to  the  height  of  5  millimetres 
or  more,  from  which  when  the  arc  is 
burning  sparks  fly  out,  drop  down  to  the 
edge  of  the  crust,  and  then  fly  outwards 
and  upwards,  probably  carried  along  by 
the  strong  upward  draught  of  the  column 
of  hot  carbon  and  air.  .  .  .  The  tips  of 
the  strips  of  carbon  that  form  the  outer 
crust  apparently  get  burnt  by  the  hot 
volatile  carbon  into  a  semi-globular  shape, 
and  they  boil  and  bubble  under  the 
action  of  this  heat  just  as  a  lump  of  sugar  does  when  held  in  a 
candle-flame.' 

The  efficiency  and  reliability  of  an  arc  lamp  depend  very  largely 
upon  the  quality  of  the  carbons  employed.  When  gas-retort  or 
other  irregular  carbon  is  used,  the  impurities  contained  therein 
are  fused  and  give  rise  to  small  nodular  growths  which,  under 
a  lens,  or  even  a  common  magnifying  glass,  impart  to  the  rods  a 
remarkable  appearance,  as  illustrated  in  fig.  311.  These  nodular 
excrescences  do  not  manifest  themselves  when  properly  prepared 
carbons  are  employed.  Their  very  presence  denotes  a  wasteful 
consumption  of  energy,  for  they  imply  tltat  the  impurities  are,  as 
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it  were,  sorted  out  from  the  other  constituents  of  the  electrodes  ; 
they  are  then  .concentrated  and  liquefied,  and  urged  across  the 
arc  from  one  carbon  to  the  other,  without  emitting  that  percentage 
of  light  rays  which  would  arise  were  the  .energy  they  absorb 
expended  on  the  carbon.  As  might  have  been  gathered  from 
what  has  already  been  said,  these  impurities  also  reduce  the 
efficiency  of  the  arc  by  hindering  the  carbon  from  attaining  its 
maximum  temperature. 

When  the  carbons  are  very  porous  or  wanting  in  density,  the 
arc  is  usually  lengthened,  the  carbon  disintegrating  readily  and 
flaring  considerably.  With  pieces  of  gas-coke  an  arc  of  some 
inches  can  be  obtained. 

The  composition  of  and  the  method  of  preparing  or  manu- 
facturing artificial  carbons  vary  considerably,  the  precise  details 
being  in  most  cases  regarded  as  trade  secrets.  Generally,  however, 
graphite  derived  from  gas-retort  carbon  forms  the  basis,  this  being 
ground  up  and  intimately  mixed  with  pure  carbon  powder  derived 
from  the  destructive  distillation  of  some  such  organic  substances 
as  gas-tar,  pitch,  or  bitumen.  An  adhesive  substance,  such  as  a 
syrup  of  cane-sugar  and  gum,  is  then  added  to  make  a  paste,  the 
rods  being  shaped  either  by  simply  moulding  or  squeezing,  or  by 
forcing  the  mixture  with  considerable  pressure  through  a  die  plate. 
The  latter  method  is  usually  adopted  in  practice.  The  rods  so 
formed  are  then  baked  in  an  oven  a  number  of  times,  to  decom- 
pose the  carbonaceous  compounds,  and  drive  off  the  volatile 
constituents.  Immersion  in  syrup  usually  takes  place  between 
the  bakings.  But  great  care  is  essential  to  remove  any  foreign 
substance  from  the  ingredients,  and  so  to  ensure  the  production 
of  a  homogeneous  rod. 

The  chief  requirements  which  it  is  necessary  that  a  carbon  rod 
should  fulfil  are  that  it  should  be  dense,  that  its  molecular  or 
mechanical  structure  should  be  uniform,  that  it  should  be  pure, 
and  that  its  electrical  resistance  should  be  low. 

The  resistance  of  prepared  carbon  varies  with  the  different 
makers,  the  resistance  of  one  specimen  amounting  to  2430 
times  that  of  a  similar  piece  of  pure  copper,  or  nearly  4000 
microhms  per  cubic  centimetre.  The  specific  resistance  of  the 
comparatively   impure  and    more   crystalline  gas-retort   carbon 
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has  been  found  to  be  1 7  times  as  great  as  that  of  the  prepared 
material.  The  actual  resistance  of  the  prepared  carbons  ordinarily 
used  for  arc  lamps  is  from  0*15  to  0*175  onm  P*2*  f°°t. 

It  is  obvious  that  when  long  carbons  are  used  it  is  important 
that  the  specific  resistance  should  be  as  low  as  possible.  The 
resistance  of  a  pair  of  new  or  full-length  carbons  has  an  appreciable 
effect  upon  the  total  resistance  of  the  lamp,  and  the  reduction  in 
resistance  as  the  rods  burn  away  tends,  under  a  constant  potential 
difference  at  the  terminals,  to  increase  unduly  the  strength  of  the 
resulting  current 

Carbons  are  frequently  '  cored.'  There  are  two  ways  of  doing 
this :  the  older  process  consists  in  first  making  the  carbon  in  the 
form  of  a  tube  with  a  small  hole  or  channel  along  the  axis,  and 
with  thick  sides,  the  channel  being  closed  at  one  end.  A  solution 
of  certain  materials,  containing  in  suspension  a  fine  powder  of  the 
same  nature  as  the  carbon  rod,  is  then  introduced  at  the  free 
end  under  high  pressure  and  at  a  high  temperature.  The  more 
truly  liquid  and  volatile  portions  of  the  solution  pass  into  the 
pores  of  the  carbon,  and  are  finally  more  or  less  evaporated. 
This  solution  is  intended  to  displace  the  air  or  other  gases  which 
are  entangled  or  occluded  in  the  carbon,  and  which  might  other- 
wise make  the  rod  too  soft,  or  wanting  in  density.  The  hole 
and  pores  are  thus  gradually  filled  with  powdered  carbon,  and 
ultimately  a  dense  and  compact  rod  is  obtained.  In  the  second, 
or  more  recent,  process,  the  core  is  made  first  and  is  then  placed 
in  a  mandril  contained  in  a  press,  in  such  a  manner  that  as  the 
mass  of  carbon  paste  is  pushed  along  under  the  action  of  the 
plunger,  it  carries  the  core,  which  projects  slightly  beyond  the 
mandril,  with  it  The  core  is  usually  greyer  than  the  rod 
itself. 

It  is  customary  with  direct  currents  to  use  a  cored  carbon  for 
the  positive.  The  core  serves  the  purpose  of  keeping  the  crater 
central,  and  so  conduces  considerably  to  steadiness  in  burning. 
In  consequence  of  the  relative  softness  of  the  core,  an  arc  with 
a  cored  carbon  for  the  positive  is  longer  for  a  given  voltage  than 
is  the  case  when  the  positive  is  solid.  The  core  is,  however, 
considerably  less  luminous  than  the  rest  of  the  carbon,  due 
doubtless  to  the  presence  of  a  small  quantity  of  impurity,  which, 
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volatilising  at  a  lower  temperature  than  carbon,  is  consequently 
less  heated.  The  intrinsic  brilliance  of  the  core  has  been 
estimated  at  ioo  candle-power  per  square  millimetre  as  compared 
with  158  candle-power  for  solid  carbon.  As  there  is  no  crater 
on  the  negative  carbon  it  should  be  evident  that  no  advantage 
would  accrue  from  the  use  of  cored  carbons  for  such  purposes, 
and  as  a  matter  of  fact  they  are  not  so  used.  When  cored 
carbons  are  used  for  alternating  current  lamps  it  is  necessary  that 
both  carbons  should  be  cored,  in  view  of  the  fact  that  the  two 
carbons  become  alternately  the  positive,  and  have  each  of  them 
an  immature  crater. 

The  illuminating  power  of  an  arc  lamp  is  a  somewhat  debate- 
able  point.  The  theoretical  maximum  candle-power  which  a 
10-ampere  arc  lamp  with  a  cored  positive  carbon  could  yield  is 
said  to  be  about  2400,  but  this  assumes  that  all  the  light  rays 
emitted  by  the  crater  can  be  made  available.  Unfortunately 
this  assumption  has  no  basis  in  fact,  owing,  in  the  case  of 
ordinary  arc  lamps,  to  the  screening  effect  of  the  lower  or 
negative  carbon.  And  as  a  matter  of  fact  the  actual  maximum 
with  such  lamps  rarely  exceeds  about  1400  candle-power,  while 
the  average,  or,  as  we  shall  presently  explain,  the  mean,  is  much 
less  than  that,  and  is  somewhere  in  the  neighbourhood  of  850 
candle-power.  It  will  thus  be  seen  that  the  practice  which  has 
largely  obtained  of  describing  a  To-ampere  direct  current  lamp 
as  being  equivalent  to  2000  candles  is  altogether  erroneous. 
As  a  matter  of  fact  the  illumination  at  an  angle  of  about  500  with 
the  vertical,  which  is  with  an  ordinary  arc  lamp  in  good  adjust- 
ment the  direction  of  maximum  illumination,  is  only  a  little  over 
1400  candle-power. 

Mr.  A.  P.  Trotter  has  demonstrated  that,  although  the  end  of 
the  positive  carbon  is  hollowed  out  at  the  crater,  the  distribution 
of  the  light  rays  '  is  precisely  and  identically  the  same  as  though 
the  end  of  the  positive  carbon  were  flat.  No  tilting  of  an 
incandescent  or  other  luminous  surface  can  make  it  brighter; 
and,  on  the  other  hand,  if  it  is  covered  with  a  thin,  imperfectly 
transparent  layer,  as  in  the  case  of  the  atmosphere  of  the  sun, 
the  edge  will  appear  less  bright  than  the  middle  of  the  disc. 
The   quantity  of  light  emitted  by  an  incandescent  disc  in  any 
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direction  is  proportional  to  the  amount  of  surface  visible  from 
that  direction. ' 

The  most  instructive  method  of  illustrating  the  manner  in 
which  the  light  from  an  arc  lamp  varies  at  different  points  in  its 
vicinity  is  by  means  of  '  polar  curves.'  It  may  simplify  matters 
if  we  first  consider  the  simple  state  of  affairs  which  would  be 
obtained  supposing  the  source  of  light  (the  end  of  the  positive 
carbon)  to  consist  of  a  flat  disc  of  uniform  luminous  intensity, 
and  without  the  negative  carbon  near  it  to  cast  a  shadow.  We 
can  then  better  understand  the  difference  in  the  distribution 
caused  by  the  presence  of  the  negative  carbon,  the  precise  effect 
of  altering  the  length  of  the  arc,  and  the  advantages,  if  any,  which 
result  from  the  fact  that  the  principal  source  of  light  at  the  end 
of  the  positive  carbon  is  a  crater  and  not  a  flat  disc. 

Fig.  322  Fig.  323 


We  will  assume  that  this  uniformly  luminous  disc  is  two  centi- 
metres in  diameter,  as  shown  in  fig.  322.  The  maximum  amount 
of  light  would  be  thrown  on  a  point  directly  in  front  of  the  centre 
of  the  disc,  and  a  line  drawn  from  this  point  to  the  centre  would 
be  at  right  angles  to  the  plane  of  the  disc,  or  in  other  words  this 
line  is  the  normal  to  the  luminous  surface.  The  candle-power  at 
any  point  a  along  this  normal  will  vary  inversely  as  the  square  of 
its  distance  from  the  disc.  If  now  a  second  line  be  drawn  from 
the  centre  of  the  disc,  making  an  angle  of  6o°  with  the  normal, 
and  a  point  b  be  selected,  the  amount  of  light  here  obtained  will 
be  less  than  that  at  the  equidistant  point  a,  simply  because,  the 
disc  being  viewed  sideways,  a  smaller  area  is  effective,  although 
the  luminosity  per  unit  of  area  is  the  same.  The  shape  of  the 
disc  as  seen  from  this  point  b  is  given  in  fig.  323,  which  should 
be  compared  with  fig.  322,  and  if  the  areas  are  measured  it  will 
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be  found  that  the  former  is  just  half  that  of  the  latter.     Con- 
sequently the  candle-power  at  b  is  half  that  at  a. 

A  reference  to  fig.  324  will  serve  to  make  this  not  very  difficult 
matter  perfectly  clear.  The  line  c  d  represents  a  side  view  of  the 
luminous  disc ;  o  a  is  the  normal,  and  o  b  a  line  equal  in  length 
but  making  an  angle  of  6o°  with  the  normal,  while  a  a*  and  if  & 
are  projections  of  c  d>  and  indicate  the  extent  of  c  d  as  viewed 

Fig.  324 


from  a  and  b  respectively.  It  will  be  found  by  measurement  that 
b  b'  is  half  the  length  of  a  a\ 

Proceeding  yet  further  in  the  same  direction,  the  area  visible 
will  fall  off  as  the  angle  increases,  and  the  amount  of  light  will 
correspondingly  decrease  until  the  angle  becomes  900,  when  no 
part  of  the  disc  is  visible  and  the  light  falls  to  zero. 

It  requires  only  a  brief  inspection  of  fig.  324  to  discover  that 
the  length  of  the  projected  line  (and  therefore  also  the  area  of  the 
disc  visible  and  the  amount  of  light  obtained  at  any  point)  varies 
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as  the  cosine  of  the  angle  made  by  the  normal  o  a  and  a  line 
drawn  through  the  given  point  and  the  centre  of  the  disc. 
Knowing  this,  and  being  furnished  with  a  table  of  cosines,  we  can 
readily  calculate  the  variation  of  the  amount  of  light  obtained 
at  a  number  of  equidistant  points  in  various  positions  with  respect 
to  o.  It  is  only  necessary  to  multiply  the  maximum  value 
(obtained  along  the  normal)  by  the  cosines  of  the  angles  which 
lines  drawn  through  the  various  points  make  with  the  normal.  For 
example,  we  may  take  seven  points  a,  c,  d,  e,  b,  f,  g,  lines  drawn 
through  which  make  angles  of  o°,  150,  300,  450,  6o°,  75°,  and  go" 
respectively,  and  we  may  represent  the  light  obtained  at  a  by  1000. 


Then  the  light  at  a  =  1000  x  cos  o°  = 

OOO  X  I     = 

IOOO 

c=  1000  x  cos  150  = 

000  x  -966  = 

966 

D  =  IOOO  X  COS  300  = 

000  x  -866  = 

866 

E  =  1000  x  cos45°  = 

000  x  707  = 

707 

b  =  1000  x  cos  6o°  = 

000  x  '5  = 

500 

F  =  1000  x  cos  750  = 

000  x  -259  = 

*59 

r.  =  1000  x  cos  90°  = 

OOO  X  O     = 

° 

This  variation  may  be  even  better  shown  graphically  by 
means  of  a  polar  curve,  the  point  O  being  the  pole  (see  fig.  335). 

The  larger  circle  drawn  with  radius  o  a  passes  through  points 
equidistant  from  o,  and  the  lines  oc,od,  &c,  make  the  angles  with 
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the  normal  as  specified  above.  If  now  on  each  of  these  lines  we  set 
off  a  length  from  o,  proportional  to  the  cosine  of  the  angle  which  the 
particular  line  makes  with  the  normal,  we  obtain  a  length  which 
indicates  the  amount  of  light  obtained  at  the  point  under 
consideration.  For  example,  since  the  cosine  of  6o°  is  0*5,  the 
length  o  b'  is  half  that  of  o  a,  while  o  f*  is  0*259  of  o  a,  and  the 
lengths  o  b',  o  f'  indicate  the  amounts  of  light  obtained  at  b  and  f 
respectively.  On  taking  a  large  number  of  values  and  joining  the 
points  so  determined,  we  obtain  a  circle  passing  through  the  pole 
o,  its  centre  being  the  middle  point  of  o  a. 

This  circle  does  not  fully  represent  the  distribution  of  the  light, 
but  a  sphere  having  the  same  radius  would  do  so.  The  sphere,  in 
fact,  is  the  one  which  would  be  described  if  the  circle  were  made 
to  revolve  about  its  vertical  axis  o  a,  and  the  radius  of  this  sphere 
is  a  measure  of  the  spherical  candle-power. 

The  same  units  of  length  always  being  employed,  it  is  evident 
that  the  spherical  candle-power  would  be  a  convenient  method 
of  effecting  comparisons.  In  the  case  of  an  actual  arc,  several 
causes  combine  to  prevent  the  distribution  of  light  being  so 
regular,  but  a  curve  may  be  plotted,  and  the  solid  content  of  the 
space  enclosed  by  this  curve  when  it  revolves  about  the  vertical 
axis  can  then  be  calculated,  and  the  radius  of  the  sphere  whose 
solid  content  is  equal  to  that  thus  obtained  gives  a  value  by 
which  comparisons  may  be  effected,  known  as  the  mean  spherical 
candle-power. 

We  shall  presently  give  an  instance  illustrating  this  method, 
but  may  now  consider  the  simple  reasons,  first  clearly  pointed  out 
by  Mr.  Trotter,  which  give  to  the  candle-power  curve  for  an 
actual  arc  lamp  its  peculiar  shape.  In  the  first  place,  while  the 
end  of  the  positive  carbon  is  without  doubt  the  original  source 
of  practically  all  the  light  obtainable,  the  negative  carbon  is 
necessarily  placed  directly  opposite  it,  in  the  path  of  the  greatest 
illumination  o  a,  and  it  intercepts  a  very  large  proportion  of  the 
light,  casting  a  shadow  on  what  would  otherwise  be  the  most 
brilliantly  lighted  area.  In  this  position  also  sufficient  energy  is 
expended  upon  the  negative  carbon  to  make  it  appreciably 
luminous,  and  it  throws  its  light  upwards,  illuminating  slightly  the 
space  above  the  horizontal  line  gog,  (fig.  325).     Further,  the  end 
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of  the  positive  carbon  itself  is  not  a  simple  luminous  disc,  but  a 
hollow  crater,  varying  slightly  in  depth  and  position,  and  even 
giving  some  light  from  the  outside  edges  of  its  walls,  and  this 
latter  fact  tends  to  increase  the  light  emitted  in  a  horizontal 
direction. 

Fig.  316  shows  the  candle-power  curve  obtained  from  an 
ordinary  arc  lamp  in  good  adjustment.  The  shaded  area  repre- 
sents the  screening  effect  of  the  lower  carbon,  and  it  will  be  seen 
that  in  this  particular  instance  the  maximum  illumination  is  ob- 
tained along  a  line  making  an  angle  of  45°  with  the  normal. 
By  lengthening  the  arc  so 

as   to  reduce   the   screen-  Fig.  316 

ing  effect,  the  line  of  maxi- 
mum illumination  would 
be  brought  lower  down  or 
nearer  to  the  normal,  and 
vice  versa.  The  increase  in 
the  horizontal  illumination 
as  well  as  the  slight  illumi- 
nation above  the  horizontal 
line  should  be  noted.  This 
curve  represents,  as  has 
already  been  indicated,  the 
illumination  at  the  equi- 
distant points  g,  f,  n,  &c,  in 
a  vertical  plane  on  one  side 

only  of  the  arc,  and  if  the  curve  were  rotated  round  o  a  the  solid 
figure  thus  swept  out  could  be  expressed  in  terms  of  the  equivalent 
sphere  as  the  most  convenient  way  of  effecting  comparisons. 

As  shown  by  Mr.  Trotter,  an  almost  identical  curve  can  be 
obtained  by  plotting  the  values,  not  of  candle-power,  but  of  the 
areas  of  the  crater  visible  from  the  respective  points,  and  this 
result  should  follow  from  the  fuel  already  mentioned  that  the 
intensity  of  illumination  per  unit  area  of  the  crater  is  uniform  and 
a  constant  quantity  for  the  same  kind  of  material  in  any  kind 
of  arc  lamp.  We  may  here  mention  a  method  of  determining 
approximately' the  mean  spherical  candle-power  of  an  arc  lamp  by 
means  of  two  photometric  measurements  only,  one  in  the  same 
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horizontal  plane  as  the  arc,  and  the  other  in  the  direction  of 
maximum  illumination.  One-fourth  of  the  maximum  candle- 
power  added  to  one-half  of  the  horizontal  candle-power  gives  the 
mean  spherical  candle-power.  The  curve  which  is  yielded  by  an 
arc  imperfectly  adjusted  or  between  inferior  carbons  departs 
considerably  from  that  illustrated  in  fig.  326,  and  a  curve  obtained 
from  a  lamp  burning  under  such  conditions  is  illustrated  in 
fig,  327.  The  irregularity  of  the  curve  is  very  noticeable.  The 
arc  was  apparently  a  short  one,  and  the  negative  carbon  was, 
P,Gi  3,7  therefore,  unduly  heated,  thereby  giving 

rise  to  the  'hump'  on  the  curve  above 
the  horizontal.  The  current  would  also 
appear  to  have  been  excessive  and  the 
arc  on  the  point  of  hissing. 

Objection  has  been  raised  to  the  estima- 
tion of  the  efficiency  of  an  arc  lamp  on 
the  basis  of  its  mean  spherical  candle- 
power,   inasmuch   as  two  lamps   might 
have  the  same  value  on  this  basis  and 
f  •    yet  behave  very  differently  as  illuminants. 
As  a  case  in  point  it  will  be  seen  that  if 
.0-  the  direction  of  the  current  through  a 
lamp  were  reversed,  so  as  to  make  the 
lowercarbon  positive,  the  curve  in  fig.  316 
would    be    inverted,    and,  although  the 
candle-power  would  be  unaltered,  very 
,s  few   of  the  rays    would    fall    below  the 

horizontal,  and  the  illumination  would  be  correspondingly 
weakened.  While,  however,  this  contention  is  in  a  large  measure 
justified,  it  should  be  evident  that,  if  correct  polar  curves  are 
obtained,  the  direction  of  maximum  illumination  is  readily  seen, 
and  the  useful  lighting  powers  of  different  lamps  can  easily  be 
compared. 

For  a  variety  of  purposes  arc  lamps  which  direct  their  rays 
upwards  instead  of  downwards  are  very  useful.  Such  lamps  are 
known  as  inverted  arc  lamps,  and  are  extensively  used  for 
drawing-office  purposes.  The  lower  carbon  is  made  the  positive, 
and  the  design  of  the  lamp  is  correspondingly  modified,  a  large 
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reflector  being  placed  under  the  lamp  so  as  to  project  upwards  the 
rays  from  the  negative  carbon  and  any  others  that  may  happen  to 
fall  below  the  horizontal  plane.  Obviously  to  get  the  best  results 
the  ceiling  and  upper  portions  of  the  walls  should  be  white  and 
kept  scrupulously  clean  so  that  the  maximum  reflection  may  be 
obtained.  A  table  showing  the  reflecting  powers  of  surfaces 
of  various  materials  and  colours  will  be  found  in  Chapter  XVI. 

So  far  our  remarks  haVe  applied  almost  exclusively  to  direct- 
current  arcs,  but  it  has  been  pointed  out  that  alternating-current 
arcs  have  the  disadvantage  that  no  true  crater  is  formed  in  either 
carbon,  and  that  the  luminosity  is  in  consequence  much  smaller 
in  amount,  and,  as  we  shall  see  presently,  the  efficiency  is  lower. 
Alternating  current  arcs  have,  however,  one  advantage,  and  that  is 
that  the  majority  of  the  luminous  rays  are  projected  horizontally, 
and  have  therefore  more  frequently  been  adopted  for  lighthouse 
purposes. 

Alternating-current  lamps  are  usually  attended  by  one  serious 
objection,  viz.  a  remarkable  humming  sound  which  is  pitched  in 
unison  with  the  rate  of  reversal  in  the  alternator  itself.  Among 
the  chief  causes  of  this  phenomenon  is  the  vibration  of  the  laminated 
magnet  cores  and  other  parts  of  the  lamp  not  rigidly  fixed.  Another 
cause  is  the  oscillation  set  up  among  the  iron  particles  by  the 
rapid  reversal  of  the  magnetisation  ;  this  is  to  some  extent  over- 
come, or  at  least  lessened,  by  shortening  the  cores  of  the  electro- 
magnets as  much  as  possible.  The  lamination  of  the  cores  also 
tends  to  reduce  the  loss  of  energy  due  to  the  generation  of  eddy 
currents.  Another  suggested  cause  for  the  humming  is  the  l  rapid 
periodic  extinction  and  re-establishment  of  the  discharge*  between 
the  two  carbons.  This  type  of  lamp  is  less  efficient  than  one 
supplied  with  a  direct  current.  As  has  been  already  pointed  out, 
the  alternations  prevent  the  development  of  a  true  crater,  and 
consequently  there  is  proportionally  less  volatilisation.  The 
virtual  e.m.f.  necessary  for  an  ordinary  alternating  arc  is  not  more 
than  38  volts,  but  the  actual  range  is  from  zero  to  a  maximum  of 
about  50  volts,  and  there  is  reason  to  suppose  that  it  is  only 
during  the  momentary  duration  of  these  higher  voltages  that 
there  is  any  effort  to  raise  the  carbon  to  its  standard  tempera- 
ture of  volatilisation.     The  light  which  is  obtained  is  mainly  due, 

x  x  2 
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therefore,  to  the  more  or  less  incandescent  ends  of  the  carbon  rods* 
both  of  which  are  tapered. .  It  must  also  be  noticed  that  while  a 
large  proportion  of  the  rays  are  directed  horizontally,  the  number  of 
rays  projected  upwards,  and  therefore,  generally  speaking,  wasted 
is  equal  to  the  number  directed  downwards ;  on  the  other  hand, 
the  distance  between  the  carbons  is,  in  lamps  of  normal  size, 
greater  than  with  a  direct- current  lamp,  so  that  the  screening  of 
one  carbon  by  the  other  is  lessened;  it  is  also  lessened  in 
consequence  of  the  more  perfect  taper  of  the  carbon  ends. 

The  power  taken  by  an  ordinary  alternating  arc  with  a  current 
of  10  amperes  under  a  pressure  of  38  volts  is  but  380  watts,  as 
compared  with  500  watts  for  the  direct-current  10-ampere  lamp, 
the  luminosity  being  of  course  considerably  lower.     It  is  a  dis- 
advantage that  the  arc  can  be  maintained  at  this  low  pressure : 
indeed,  a  lamp  which  would  require  100  volts  in  order  to  yield  iis 
maximum  intrinsic  brilliance  would  be  more  advantageous,  because 
the  efficiency  would  be  greater  and  the  current  which  would  be 
taken  would  be  proportionally  reduced,  the  losses  in  resistances 
and  choking  coils  in  parallel  working  (to  which  a  future  reference 
will   be  made  presently)  being  proportionally  lessened.     During 
those  portions  of  the  cycle  of  voltage  when  the  pressure  is  low  — 
lower,  in  fact,  than  that  required  for  volatilisation— such  light  as  is 
developed  is  due  to  carbons  which  are  really  undergoing  a  cooling 
process.     In   fact,  when  the  illumination  obtained  is  compared 
with  the  power  expended,  the  alternate  current  is,  as  we  have 
said,  less  efficient  than  the  direct  current,  and  this  to  some  extent 
accounts  for  the  comparative  discredit  into  which  alternate-current 
arc  lighting  has  fallen. 

The  resistance  of  the  coils  and  the  carbons  in  an  arc  lamp 
causes,  naturally,  a  certain  fall  of  potential  consequent  on  the 
passage  of  the  current  through  them.  This  fall  is  usually  about 
5  volts.  Hence,  although  a  good  direct-current  10-ampere  arc 
can  be  maintained  with  a  pressure  across  the  arc  itself  of  44  or 
45  volts,  as  much  as  50  volts  must  be  applied  to  the  lamp 
terminals.  Assuming  the  current  to  be  10  amperes,  it  follows 
that  the  power  absorbed  in  the  lamp  is  500  watts,  and,  the  mean 
spherical  candle-power  being  about  850,  it  follows  also  that  we 
have  i*7  candle  per  watt.     This  ratio  we  may  call  the  efficiency 
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of  the  lamp.  It  should  be  evident  that  if  a  500-watt  lamp  gives 
a  mean  candle-power  of  850,  a  lamp  which  would  consume  one 
electrical  horse-power,  or  746  watts,  should  yield  a  light  of  about 
1 268  candle-power.  Allowing,  however,  for  the  various  losses  in 
a  lighting  system,  such  as  those  due  to  the  resistance  of  the  con- 
ductors and  of  unsoldered  connections,  and  the  losses  due  to 
conversion  in  the  dynamo,  the  engine  will  indicate  one  horse- 
power for  each  10-ampere  or  850-m.s.c.p.  (mean  spherical  candle- 
power)  arc  lamp. 

The  diameter  of  the  carbon  rod  varies  with  the  light  it  is 
required  to  give  or  the  current  it  is  required  to  carry,  those  most 
frequently  in  use  for  10-ampere  lamps  being  n  and  9  millimetres 
in  thickness.  The  lower  or  negative  carbon  is,  in  direct-current 
lamps,  usually  thinner  than  the  upper  one,  the  object  being  to 
reduce  the  loss  of  light  due  to  the  screening  of  the  crater  and  to 
take  advantage  of  the  slower  consumption  of  the  negative  rod. 
Mr.  Trotter,  in  discussing  this  question,  observes  in  his  character- 
istic style  that  '  the  diameter  of  the  positive  carbon  is  easily 
settled  ;  if  it  is  too  small  the  arc  will  hiss,  if  it  is  too  large  the  crater 
will  wander.  The  negative  carbon  must  carry  the  current  satis- 
factorily, and  should  be  as  small  as  will  stand  handling.'  Return- 
ing to  the  question  of  efficiency,  it  may  be  noted  that  an  ordinary 
13-millimetre  carbon  offers  a  resistance  of  about  0*175  onm 
per  foot,  whence  with  a  10-ampere  current  the  fall  of  potential  in 
that  length  of  carbon  is  175  volt.  If  now  we  suppose  one  foot 
of  carbon  to  have  been  consumed  and  the  pressure  of  50  volts  to 
be  still  maintained,  then  the  energy  previously  expended  upon 
the  carbon  is  available  for  the  other  portions  of  the  lamp  circuit. 
The  resistance  is,  in  fact,  materially  reduced,  and  the  result  is  that 
there  is  a  proportional  increase  either  in  the  strength  of  the  current 
or  in  the  length  of  the  arc. 

Again,  it  should  be  remembered  that  there  is  frequently 
a  slight  variation  in  the  condition  and  resistance  of  the  arc  itself, 
but  it  is  very  desirable  that  the  current  in  practical  working 
should  be  kept  as  uniform  as  possible.  We  cannot  entirely  avoid 
variations  of  resistance  ;  so,  in  order  to  make  those  variations  of 
minimum  effect,  it  is  the  practice,  when  lamps  are  connected  in 
parallel  across  a  pair  of  mains  at  a  constant  potential  difference, 
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to  work  with  a  higher  pressure  than  50  volts,  and  to  insert,  in 
series  with  the  individual  lamps,  resistance  coils  capable  of 
absorbing  the  excessive  volts,  or  of  keeping  the  potential  differ- 
ence between  the  ends  of  the  rods  fairly  uniform.  For  example, 
it  is  frequently  the  practice  to  place  the  lamps  across  a  pair  of 
conductors  having  a  potential  difference  of  65  volts,  or  15  volts 
more  than  is  necessary  for  supporting  the  arc.  This  means  that 
a  coil  of  wire,  say  of  iron,  has  to  be  used;  it  must  be  large  enough 
to  carry  a  current  of  10  amperes,  and,  letting  e  represent  the  extra 

e       15 

volts,  the  wire  must  offer  a  resistance  ofr=»-=  —  =  1*5  ohm. 
7  c      10  J 

The  function  of  the  added  resistance  is,  as  we  have  indicated,  to 

make  the  total  resistance  of  the  particular  lamp  circuit  such  that 

small  variations  of  resistance  in  the  lamp  shall,  by  being  spread 

over  a  greater  resistance  than  that  of  the  lamp  itself,  make  the 

proportional  variation  more  or  less  negligible,  and  thereby  maintain 

an  almost  uniform  current  through  the  lamp,  and  this  will  involve 

the   maintenance   of  a  practically  uniform  potential   difference 

between  the  carbons.     As  a  consequence,  the  arc  is  steadied,  and 

an   equable  illumination   results.       This    method  is   somewhat 

costly,  for  instead  of  taking  e  x  c  =  50  x  10  =  500  watts,  the 

absorption  of  power  is  increased  to  (50  +  15)  x  10  =  650  watts, 

or  an  increase  of  about  30  per  cent.,  while  the  efficiency  is  reduced 

to  1  *3  candle-power  per  watt.     It  is  preferable  to  employ  a  pair 

of  mains  with  a  potential  difference  of,  say,  no  volts,  and  join 

two  arc  lamps  in   series    between  them.      The  lamps   taking 

100  volts,  there  remain  only  10  volts  to  be  absorbed  by  the 

steadying  resistances  for  the  two  lamps ;  and  the  length  of  the 

coil  of  wire  is  also  reduced,  for,  having  now   to  absorb  only 

10  volts,  its  resistance  is  only  r  =  _  =  —  =1  ohm.     This  will 

c      10 

absorb  *  x  c=  10  x  10  =  100  watts,  and  the  lamps  together 

with  the  resistance  will  absorb  no  x  10=  11 00  watts,  or  an 

increase  of  10  per  cent,  upon  the  power  actually  absorbed  in  the 

two  lamps.     The  gain  is  obvious.     With  really  first-class  lamps 

it  is,  however,  possible  to  join  two  lamps  in  series  on  a  100-volt 

circuit  without  any  steadying  resistance  at  all.     In  that  case  the 

resistance  of  one  lamp  is  relied  upon  to  reduce  the  otherwise 

baneful  effects  of  a  variation  in  the  resistance  of  the  other  lamp. 
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When  a  larger  number  of  lamps  are  joined  in  series  there  is 

manifestly  no  necessity  for  any  added  resistance  ;  and  this  is  one 

of  the  advantages  of  the  general  increase  in  the  voltage  supplied 

by  the  majority  of  central  stations,  although,  unfortunately  for  the 

purposes  of  arc-lamp  users,  the  voltage  is  not  usually  a  simple 

multiple  of  50.       For  example,   the   voltage   provided  is  often 

220  or  230  volts,  and  in  such  cases  20  or  30  volts  have  to  be 

wasted,  or  the  resistance  of  the  series  circuit  through  the  lamp  be 

made  so  low  that  five  lamps  can  be  joined  in  series.     There  is, 

of  course,  the  alternative  that  four  lamps  may  be  joined  in  series 

and  a  longer  arc  be  allowed,  so  as  to  take  up  the  total  volts,  but 

the  experiments  which  Mrs.  Ayrton  has  made  render  it  doubtful 

whether  this  practice  is  economical  from  an  illuminating  point 

of  view.     Her  experiments,  in  fact,  appear  to  indicate  that  when 

the  arc  is  lengthened  and  a  correspondingly  higher  voltage  is 

provided,  the  additional  rays  which  would  otherwise  be  available 

are  absorbed  by  internal   reflections  and  refractions  in  the  arc 

and  in  the  vapour  or  mist  which  envelops  it     When  the  voltage 

supplied  is  240,  five  good  lamps  can  be  joined  in  series  with 

impunity,  for  then  there  are  48  volts  available  for  each  lamp,  and 

this  is,  in  the  circumstances,  sufficient. 

When  alternating-current  lamps  are  run  in  parallel,  a  'choking 
coil '  takes  the  place  of  the  comparatively  high  resistance  coil 
employed  with  the  direct  current.     The  choking  coil  was  referred 
to  in  Chapter  XIII.,  and  it  will  be  remembered  that  it  consists  of 
a  substantial  iron  core  with  a  comparatively  few  turns  of  thick 
copper  wire  round  it,   and  it  may  in  addition   be  completely 
encased  in   iron.       The    combination    offers  an  inappreciable 
resistance,  but  it  has  considerable  self-induction,  which  sets  up 
a  counter  or  back  e.m.f.,  and  so  enables  a  fall  of  pressure  to  be 
obtained  with  a  comparatively  small  absorption  of  power.     Con- 
sequently, any  variation  in   the   pressure   between  the   carbon 
points  becomes  a  smaller  proportion  of  the  total  pressure,  and 
has  therefore  less  effect  than  would  be  the  case  in  the  absence  of 
the  choking  coil.     Such  coils  are  also  occasionally  used,  in  place 
of  ordinary  resistance  coils,  on  a  direct- current  parallel  circuit 
with  the  object  of  reducing  the  sudden  rush  of  current  through 
the  lamp  before  the  arc  is  struck,  and  also  in  order  to  minimise 
any  sudden  variations  in  the  current  strength  while  running.    In 
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such  a  case  the  resistance  of  the  choking  coil  must  be  equal  to 
that  of  an  ordinary  coil  if  used  for  the  same  purpose. 

The  use  of  globes  considerably  reduces  the  amount  of  ligbt 
actually  obtained  from  a  lamp.  The  proportion  of  light  cut  off 
by  globes  has  been  determined  to  be 

For  clear  glass 

light  ground  glass 
heavy     „ 
strong  opal      ,, 


>> 


if 


about  10  per  cent. 

»      3° 

45  to  5° 
50  to  60 
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These  figures  refer  only  to  clean  globes,  but  an  additional 
30  per  cent,  of  the  remaining  effective  rays  may  easily  be  lost 
when  the  globes  are  allowed  to  become  dirty.  The  figures  will 
no  doubt  strike  the  student  as  being  very  high,  perhaps  unduly 
so,  but  if  he  is  in  the  least  degree  observant  he  cannot  fail  to 
notice  the  enormous  difference  in  the  illumination  of  the  ground 
when  a  piece  of  any  ordinary  arc  lamp  globe  has  been  broken 
away,  more  particularly  when  the  fracture  is  somewhere  near  the 
angle  of  maximum  illumination. 

Apart  from  the  cost  of  the  power  required  by  an  arc  lamp 
there  are  also  to  be  considered  the  cost  of  the  carbon  rods  and 
of  the  necessary  labour  involved  in  *  trimming.1  A  good  steady 
arc  maintained  between  13-millimetre  carbons  with  a  current 
strength  of  10  amperes  will  consume  i*o  to  1*5  inch  per  hour. 
For  example,  we  may  mention  that  in  one  set  of  tests  with  six 
10-ampere  lamps,  using  13-millimetre  carbons,  the  positive  being 
cored  and  the  negative  solid,  we  obtained  the  following  as  the 
result  of  1 1  hours'  running  : 


i 
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Carbon  consumed 
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1 

Consumption  per  hour 
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1 
Negative      | 
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It  is  hardly  within  our  province  to  enter  here  into  the  cost  of 
the  various  items  and  materials  used  in  electric  lighting,  but  it  will 
be  evident  that  there  is  in  every  lamp  a  certain  amount  of  waste. 
Enough  carbon  must  in  the  first  place  be  inserted  in  the  holder 
to   insure  sufficient  contact ;  this  is  waste.     The  carbon  cannot 
be    burned  nearer  than  within,  say,  half  an  inch  of  the  holder; 
this  also  represents  waste.     It  is,  moreover,  all  but  impossible  to 
gauge  the  actual  time  during  which  a  lamp  is  required  to  burn 
on  any  particular  occasion.     Hence  if,  in  trimming,  the  carbon 
is  found  to  be  within  an  inch  or  two  of  the  holder,  it  must  be 
removed   and  a  new  carbon   substituted;  this  is   more  waste. 
Altogether  on  an  installation  comprising  a  number  of  arc  lamps 
the  carbon  wasted  may  easily  amount  to  .some  thousands  of  feet  in 
the  course  of  a  year.     One  way  of  reducing  this  loss  is  to  employ 
double  carbon  lamps,  or  lamps  which  carry  two  pairs  of  carbons. 
One  pair,  as  will  be  shown  in  describing  the  Crompton  lamp,  is 
(automatically)  lighted  first,  and,  after  having  burned  down  to 
within  a  small  but  certain  predetermined  distance  from  the  holders, 
the  current  is  automatically  diverted  and  made  to  pass  through 
the  other  pair.     This  reduces   the  waste  to  a  minimum,  but  it 
means  that  extra  complications  must  be  introduced  into  the  lamp, 
sometimes  at  the  cost  of  reliability,  and  it  is  a  device  which  is  not 
resorted  to  unless  really  necessary. 

Coming  now  to  the  question  of  the  construction  of  arc  lamps, 
it  should  be  observed  that  if  the  source  of  light  is,  for  focussing 
purposes,  required  to  remain  stationary — which  is,  for  lighthouse 
or  lantern  work,  of  paramount  importance — both  carbons  must 
be  automatically  movable  at  their  respective  rates  of  consumption ; 
but  when  this  is   not   absolutely  necessary,  as,  for  example,  in 
ordinary  street  or  shop  lighting,  then  it  is  only  necessary  that  one 
carbon  should  be  fed  forward  towards  the  other,  which  can  then 
be  supported  in  a  fixed  socket,  and  gradually  burned  down.     The 
latter  form  of  lamp  is,  in  the  case  of  direct- current  working,  some- 
what simpler  in  construction  and  correspondingly  cheaper   than 
the  former,  or  *  focussing,1  type. 

Arc  lamps  may  be  used  either  in  series  on  a  circuit 
through  which  a  constant  current  is  sent,  or  in  parallel,  wVker*  tViev 
would  have  a  constant  potential   difference  maintained    a.t    vY\evt 
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terminals,  but  the  difference  between  the  requirements  is  small. 
Lamps  intended  for  series  working  were  at  one  time  provided 
with  an  automatic  'cut-out,'  an  adjunct  which,  when  the  main 
circuit  through  the  lamp  was  from  any  cause  interrupted,  intro- 
duced an  alternative  path  of  low  resistance,  so  that  the  other 
lamps  on  the  circuit  remained  unaffected.  Break-downs  of  this 
character  are  now,  however,  somewhat  rare,  and  the  cut-out  is, 
except  on  long  circuits,  frequently  dispensed  with.  Where  it  is 
necessary  to  employ  a  cut-out,  the  apparatus  is  generally  made 
separate  from  the  lamp,  and  is  frequently  fixed  in  the  plinth  of 
the  lamp-post. 

A  lamp  which  is  intended  for  simple  parallel  working  might  be 
easily  made.  In  fact,  if  we  suppose  the  lower  carbon  to  be  fixed, 
and  the  upper  one  carried  in  a  sliding  holder  which  either  takes 
the  form  of  or  is  continuous  with  an  iron  rod  of  suitable  dimen- 
sions, then  the  only  other  essential  is  a  thick-wire  coil  which  shall 
on  the  passage  of  the  current  be  competent  to  raise  the  upper 
carbon  just  far  enough  to  strike  the  arc.  The  attractive  power  of 
this  coil  should  be  so  adjusted  that  when  the  arc  elongates  suffi- 
ciently to  cause  an  undue  increase  in  its  resistance,  and  therefore 
a  proportional  decrease  in  the  current  strength,  it  should  be 
incompetent  to  sustain  the  weight  of  the  core  and  carbon.  These 
would  then  fall  sufficiently  near  to  the  lower  carbon  to  restore  the 
current  to  its  normal  strength.  This  would,  however,  be  a  rather 
crude  type  of  lamp,  and  a  somewhat  more  elaborate  design  is 
therefore  adopted. 

In  all  cases,  however,  it  is  essential  that  the  lamp  should 
automatically  '  strike '  its  own  arc,  and  this  action  must  perforce 
be  controlled  by  the  current — that  is  to  say,  the  separation  of  the 
carbons  must  always  be  brought  about  electrically.  In  most  cases 
the  coil  for  this  purpose  is  placed  in  the  main  circuit,  and  is 
usually  referred  to  either  as  the  main  or  the  series  coil. 

It  rarely  happens  in  modern  practice  that  arc  lamps  are 
worked  on  the  simple  parallel  system.  The  usual  practice  is  to 
join  them  in  sets  of  two,  four,  or  more  lamps  in  series  across 
mains  which  are  supplied  with  a  corresponding  potential  difference. 
Under  another  system,  known  as  the  series  system,  which  was 
at   one   time   very  prevalent    in   this   country,   and   which    still 
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obtains  to  some  extent  elsewhere,  as  many  as  40  or  even  more 
lamps  are  joined  in  series,  and  the  current  is  kept  constant 
independently  of  the  number  of  lamps  in  circuit ;  that  is  to  say, 
when  the  number  of  lamps  is  varied,  the  potential  difference 
applied  to  the  series  is  varied  propor-  F|r     . 

tionally,    so    that   a    constant    current  ^^ 

through  each  lamp  is  maintained  inde-  (     \ 

pendently  of  any  variation  in  the  resis- 
tance of  the  arc.  In  all  these  cases  it 
is  necessary  to  provide  a  second  coil, 
which,  by  acting  in  opposition  to  the 
striking  or  series  coil,  feeds  the  carbons 
forward  when  the  length  of  the  arc 
becomes  too  great.  The  second  solenoid 
is  joined  across  the  lamp  terminals, 
forming  a  shunt  to  the  series  coil  and 
the  arc,  and  is  known  as  the  'shunt' 
coil.  In  some  cases  the  carbons  only 
are  shunted,  the  whole  of  the  current 
passing  through  the  series  coil ;  but  the 
object  is  always  the  same,  viz.  to  keep 
the  potential  difference  between  the 
carbons  constant.  The  striking  or  series 
coil  is  of  low  resistance,  while  the  feeding 
or  shunt  coil  is  of  high  resistance.  As 
these  coils  have  antagonistic  effects,  the 
lamp  is  called  'differential.'  This  is 
the  principle  upon  which  the  majority  of 
arc  lamps  are  constructed,  whether  for 
parallel  or  series  working.  Some  of  these 
so-called  electrically  controlled  lamps, 
however,  involve  delicate  mechanical 
contrivances.  To  be  purely  electrical, 
the  moving  carbons  would  require  to  be 

perfectly  balanced,  and  only  movable  under  the  preponderance 
of  the  effect  of  one  coil  over  that  of  the  other. 

The  fundamental  principles  involved  in  an  electrically  con- 
trolled differential   arc  lamp  are  illustrated  in   fig.  328.    The 
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current  on  arriving  at  a  is  divided  between  the  two  paths,  one  of 
low  resistance  and  the  other  of  comparatively  high    resistance. 
The  former  (the  main  or  striking  circuit)  includes  the  thick  wire 
coil  m,  from  which  the  current  passes  to  the  contact  roller  r%  and 
thence  through  the  frame  to  the  upper  or  positive  carbon  holder, 
the  circuit  to  b  being  completed  through  the  arc  and  lower  carbon 
holder.     The  other,  the  shunt  or  feeding  circuit,  consists  of  the 
coil  m1,  which  comprises  many  turns  of  fine  wire,  its  ends  being 
connected  to  a  and  b  respectively.    These  coils  are,  in  the  design 
illustrated,  wound  upon  a  brass  tube,  inside  which  another  brass 
tube  is  loosely  fitted,  so  that  it  can  slide  up  and  down  freely.    An 
iron  core,  c  d,  is  fixed  inside  the  inner  tube,  and  is  almost  balanced 
by  a  weight  w  attached  to  a  cord  passing  over  the  pulley  wheel  r. 

When  the  current  is  switched  on,  nearly  the  whole  of  it  passes 
through  the  striking  coil  m  and  the  carbons,  which  are  at  that 
moment  touching  one  another.  The  coil  consequently  exerts  a 
strong  attraction  upon  the  core,  and  raises  it  sufficiently  to 
separate  the  carbons  and  strike  or  start  the  arc. 

The  resistances  and  the  number  of  convolutions  of  the  coils  u 
and  m1  are  so  adjusted  that,  the  arc  having  been  struck   and 
having  arrived  at  the  proper  length,  their  action  upon  the  core  is 
exactly  balanced.     Any  increase  in  the  resistance  of  the  main  or 
series  circuit,  caused  by  the  consumption  of  the  carbons  and  a 
corresponding   increase   in  the  length  of  the  arc,  disturbs  this 
balance,   increasing    the    current  through   the   shunt  coil,   and 
reducing  that  through  the  series  coil,  whence  the  core,  with  the 
upper  carbon  attached,  is  attracted  downwards  by  the  shunt  coil, 
and  in  descending  again  restores  the  balance,  readjusting  the  arc 
to  its  normal  length.     In  the  event  of  a  disconnection  between 
the  carbons  such  as  might  happen  before  lighting  up,  the  coil  m1 
takes  the  whole  of  the  current  flowing  through  the  lamp  and 
continues  to  draw  the  core  down  until  the  two  carbons  enter  into 
contact.     Immediately  this    happens    a    heavy    current    passes 
through  m  at  the  expense  of  m1,  and  the  core  and  upper  rod  are 
raised  sufficiently  to  establish  the  arc     The  arrangement  is  very 
sensitive,  and  the  two  coils  are  designed  so  to  react  one  upon 
the  other  that  there  is  no  apparent  fluctuation  in  the  light,  and 
the  two  carbons  are  kept  uniformly  apart  from  the  'first  striking 
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of  the  arc  until  the  current  is 
switched  off  or  the  carbons 
are  consumed. 

A  typical  form  of  electro- 
mechanical differential  arc 
lamp  is  illustrated  in  fig.  329. 
This  type  of  lamp,  although 
its  mechanical  design  is  good, 
is  expensive  to  make.  Few 
modern  makers  can  go  to  the 
expense  of  providing  a  rack- 
rod,  which  to  be  effective  must 
be  of  really  first-class  work- 
manship to  ensure  steady 
running.  An  electro -magnet 
a  is  wound  with  both  the 
series  and  shunt  coils,  but 
normally  the  current  travels 
through  the  two  coils  in 
opposite  directions  round  the 
core,  which  terminates  in  the 
pole-piece  p.  This  pole-piece 
acts  upon  an  armature,  k, 
fastened  upon  a  frame,  h  n, 
pivoted  at  f.  This  frame  also 
carries  a  brake  wheel  b,  on  the 
axle  of  which  is  fastened  a 
small  pinion  c,  and  brake 
lever  n  made  to  grip  b  by  a 
helical  spring  wound  round 
the  axis,  by  which  it  is  attached 
to  the  frame  h  d.  The  pinion 
g  gears  into  the  larger  toothed 
wheel  e,  on  the  axis  of  which 
is  another  pinion,  c,  engaging 
with  the  rack-rod  y,  to  which 
the  positive  carbon  rod  is 
attached.      This    rack-rod    is 


686  Electrical  Engineering  chap.it 

connected  at  its  upper  end  to  a  weight  w,  which  is  carried  by  t 
chain  ;   this  arrangement  allows   the  positive  rod  in  descending 
to  lift  the  negative  #od  v  x.     When  no  current  is  flowing,  the 
brake  lever  n  rests  on  the  screw  s,  which   releases  the  brake 
wheel  and   allows    the    carbons  to  come  into  contact.      The 
current  enters  at  the  positive  terminal   on  the   right  hand  of 
the  figure,  passes   through   the   framework  of  the  lamp  to  the 
rod  y,  and  thence  to  the  positive  carbon.     It  returns  from  the 
negative  carbon  by  the  insulated  rod   x  and  the  flexible  con- 
ductor attached  to  it,  passing  through  the  thick  wire  or  series  coil 
on   a,   and   from  this  to  the  negative  terminal.     The   magnet 
attracts  k,  raising  the  frame  h  d,  thus  causing  the  lever  n  to  grip 
the  brake  wheel,  and,  by  turning  e  and  c,  to  raise  y  and  lower  x 
for  the  purpose  of  separating  the  carbons  and  striking  the  arc. 
As  the  carbons  burn  away  and  the  arc  lengthens,  its  resistance 
rises,  whence  the  current  through  the  series  coil  diminishes,  while 
that  through  the  fine  wire  or  shunt  coil  round  a,  which  is  connected 
as  a  shunt  to  the  lamp  terminals,  increases.     This  weakens  the 
magnetisation  of  the  core  of  the  electro-magnet,  and  therefore  also 
the  magnetisation  of  the  pole-piece  p,  and  allows  the  frame  h  d 
to  fall  until,  when  the  lever  n  comes  in  contact  with  the  screw  s, 
the  brake  is  released,  and  the  carbons  are  allowed  to  approach. 
By  this  means  the  balance  of  current  in  the  series  and  shunt  coils 
is  re-established  and  the  arc  maintained  in  a  normal  condition. 
If  the  carbons  burn  out,  or  if  from  any  other  cause  the  circuit 
through  them  is  broken,  the  frame  h  d  drops  on  the  contact  pillar 
m  ;  this  completes  the  circuit  from  the  lamp  frame  through  the 
German- silver  resistance  r  to  the  negative  terminal,  thus  forming 
a  '  cut-out '  or  alternative  path,  which  has  the  effect  of  preventing, 
in  the  case  of  a  circuit  with  a  number  of  lamps  in  series,  a  break 
in  the  continuity  of  the  circuit — that  is  to  say,  the  other  lamps  in 
series  with  it  will  continue  to  burn  uninterruptedly. 

It  will,  of  course,  be  understood  that  the  current  which  passes 
through  the  shunt  represents  so  much  waste  or  lost  energy,  but  it 
will  have  been  noticed  that  the  shunt  coil  is  of  thin  wire  and 
therefore  offers  a  relatively  high  resistance,  so  much  so  that  in 
ordinary  circumstances  the  current  passing  through  it  is  only 
about  i  per  cent,  of  the  total  current  passing  through  the  lamp, 
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and  the  loss  is  in  such  cases  limited  to 
student  will  also  notice  in  connection  with 
described  later  that  a  'dashpot'  is  provided, 
in  order  that  the  movements  of  the  carbons 
shall  be  gradual  and  not  jerky,  and  thereby 
to  minimise  the  effect  upon  the  arc  which 
would  otherwise  result  from  the  alterations 
in  the  length  of  the  arc. 

The  Brockie-Pell  arc  lamp  is  illustrated 
in  fig.  330.  Itis  a  lamp  which  was  for  a  long 
time  regarded  as  one  of  the  very  best  obtain- 
able, and  this  was  the  result  of  careful  design 
and  more  particularly  of  good  workmanship. 
Other  lamps  have  outstripped  it,  but  we  have 
many  of  them  which  were  installed  some 
fifteen  years  since  still  in  use,  and  which  are 
working  almost  as  well  to-day  as  they  did 
when  the  current  was  first  switched  through 
them.  The  main  and  shunt  coils  are  wound 
on  separate  bobbins  fixed  parallel  to  one 
another.  The  two  cores  are  attached  to  the 
ends  of  and  operate  a  '  see-saw'  lever  which 
is  pivoted  at  its  centre.  The  two  carbon 
holders  are  connected  by  a  cord  passing 
over  a  pulley  wheel  pivoted  on  the  base  of 
the  lamp-case.  The  upper  or  positive  holder 
is  provided  with  a  rack-rod  which  gears  into 
a  pinion ;  the  spindle  of  this  pinion  works 
in  the  frame  of  the  lamp,  and  carries  a  com- 
paratively large  wheel  having  a  strong  broad 
rim,  against  which  a  brake  in  the  form  of  a 
small  leather  roller  is  applied.  The  lever 
carrying  this  brake  turns  on  a  weighted 
sector-shaped  lever,  which  is  loosely  pivoted 
but  moves  solidly  with  the  brake  wheel,  its 
descent  being,  however,  limited  by  a  stop  ; 
the  outer  end  of  the  brake  lever  is  connected 
with  the  link  supported  by  the  see-saw  lever. 


1    per  cent.      The 
some  of  the  lamps 
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On  the  passage  of  the  current  the  striking  coil  raises  its  end  of 
the  lever,  applies  the  brake  to  the  wheel,  and  raises  the  positive 
carbon,  the  negative  carbon  being  caused  to  recede  at  the  same 
time.  The  arc  is  therefore  established.  As  the  arc  lengthens 
and  the  main  current  diminishes,  the  shunt  current  increases  and 
the  other  end  of  the  see-saw  lever  is  elevated ;  consequently  the 
brake  lever  is  depressed,  the  brake  wheel  released,  and  the  carbons 
are  allowed  to '  feed '  together.  These  reactions  take  place  readily, 
the  feed  being  practically  continuous,  and  a  steady  light  can  be 
maintained  even  with  a  variation  in  the  main  current  of  20  per 
cent,  above  or  below  the  normal  working  current.  The  initial 
adjustment  for  balancing  the  carbon  holders  to  operate  with  any 
particular  strength  is  effected  by  means  of  weights. 

Coming  now  to  the  question  of  present-day  types  of  lamp,  the 
number  of  classes,  if  we  attempt  fully  to  classify  them,  is  almost  as 
great  as  the  number  of  manufacturers.  It  will  therefore  suffice  if 
we  say  that  most  of  them  are  differentially  wound,  that  they  are 
designed  to  be  run  with  two  or  more  in  series,  and  that  very  few 
indeed  depend  entirely  upon  electrical  control.  The  description 
of  one  of  these  modern  lamps  will  therefore  meet  the  requirements 
of  the  student,  and  we  have  selected  for  the  purpose  the  Crompton 
Lamp,  the  construction  of  which  is  illustrated  in  fig.  331.  The 
figure  gives  two  views  of  the  lamp.  The  carbon  holders  a  b  are 
attached  to  independent  flexible  metal  cords  c  d,  which  are 
wound  in  opposite  directions  on  two  metallic  drums,  e  f,  insulated 
from  each  other  by  a  mica  disc,  but  arranged  to  rotate  on  the 
same  axis.  The  cords  c  d,  in  addition  to  supporting  the  carbon 
holders,  serve  the  function  of  transmitting  the  current  to  the 
carbons.  A  third  drum,  g,  of  larger  diameter  than  e  f,  is  mounted 
on  the  same  axis,  and  the  striking  of  the  arc  and  the  feeding  of 
the  carbons  are  actuated  by  a  band  brake,  h,  passing  over  this 
drum.  The  upper  end  of  the  brake  cord  h  is  attached  at  k  to  a 
rocking  lever  l,  which  is  pivoted  at  m.  Hanging  from  the  ends  of 
the  lever  are  two  mild  steel  cores,  one  of  them,  n,  extending  into 
the  thick  wire  solenoid  q,  which  constitutes  the  main  or  series 
coil;  while  the  other  core,  p,  extends  into  the  thin  wire  high- 
resistance  solenoid  r,  which  is  joined  in  parallel  with  the  arc,  and 
which  we  have  referred  to  as  the  shunt  coil.     The  arrangement  is 
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such  that  when  the  series  coil  attracts  its  core,  n,  downwards,  the 
lever  lifts  the  brake  cord  h,  the  lower  end  of  which  is  attached  to 
a  flat  spring  s. 

Prior  to  the  switching  on  of  the  current  the  carbons  are  in 
contact,  being  drawn  together  by  the  greater  weight  of  the  upper 
or  positive  carbon  holder  as  compared  with   the   lower.     The 
electrical  circuit  through  the  lamp  is  further  illustrated  by  the 
small  diagram,  where  q  and  r  represent  the  series  and  shunt  coils 
respectively.     It  will  be  seen  that  the  whole  of  the  incoming 
current  passes  through  the  series  coil  and  that  the  shunt  00Q  is 
a  shunt  across  the  arc  only.     The  carbons   being  in  contact, 
it  follows  that  when  the  current  is  switched  on,  the  resistance  of 
the  circuit  through  the  carbons  is  very  low  and  the  current  is  in 
consequence  above  the  normal.     As,  however,  the  resistance  of 
the  arc  circuit,  that  is  to  say,  between  s  and  /,  is  very  low,  the 
potential    difference    between   those   points  is  also  very    low; 
whence  the   current  through   the   shunt   coil   is  small.     As    a 
consequence  the  core  n  is  drawn  down  by  the  series  coil,  and  the 
upper  end  of  the  brake  cord  is  raised.    As  soon  as  it  has  been 
raised  sufficiently  to  tighten  it,  the  cord  grips  the  brake  drum  g, 
and,  continuing  to  rise,  turns  the  brake  drum  with  it  and  bends 
the  spring  s.     The  brake  drum,  in  turning,  strikes  the  arc  and 
draws  the  carbons  apart  until  the  arc  is  of  the  correct  length. 
The  lamp  is  so  adjusted  that  when  it  reaches  this  position  the 
pull  on  the  ends  of  the  lever  l,  due  to  the  attraction  of  the  cores 
n  p,  the  weights  of  the  various  parts,  and   the  tension  of  the 
spring  s  are  all   in   balance.     As  the  carbons  burn  away,  the 
resistance  of  the  arc  increases,  and  the  potential  difference  between 
s  and  /  rises,  whence  the  current  through  the  shunt  coil  becomes 
stronger  and  tends  to  pull  down  the  core  p.     In  order,  therefore, 
to  re-establish  a  balance,  the  lever  l  has  to  take  up  a  position 
with    the  carbon  holders  slightly   nearer  together;    and   these 
reactions  continue,  the  balancing  of  the  lever  counteracting  the 
effect  of  the  burning  away  of  the  carbons  until  the  lever  is  in  such 
a  position  that  the  spring  s  is  almost  in  its  released  position.   When 
in  this  position,  the  tension  on  the  brake  cord  h  being  reduced, 
the  brake  drum,  under  the  action  of  the  heavier  positive  holder, 
is  allowed  to  slip  slightly,  and  thus  the  carbons  feed  together- 
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When  the  current  is  switched  off,  the  lever  falls  over  so  that  the 
shunt  core  is  down  and  the  series  core  up,  and  the  carbons  are 
allowed  to  run  together.  The  lamp  is  then  in  a  position  for 
re-lighting. 

As  we  have  already  indicated,  it  is  necessary  to  provide  against 
any  violent  action,  such  as  might  arise,  for  instance,  from  a  broken 
carbon,  and  this  provision  usually  takes  the  form  of  a  dashpot, 
which  generally  consists  of  a  cylinder  and  piston.  The  dashpot 
in  the  lamp  in  question  is  at  t.  It  is  fitted  with  a  special 
graphite  plunger,  fitted  at  its  upper  end  to  the  lever,  and 
effectively  acts  as  a  damper  and  prevents  any  sudden  violent 
action.  The  whole  frame  of  the  lamp  is  insulated  from  the  '  live ' 
or  current-carrying  parts,  and  is  not  utilised  in  any  way  in  the 
electrical  circuit  through  the  lamp.  The  frame  itself  is  also 
insulated  from  earth  by  a  porcelain  suspension  insulator  w,  so 
that  the  lamp  is  capable  of  standing  a  high  insulation  test. 

The  mechanism  is  protected  by  a  cover  v,  and  is  so  arranged 
that  the  lower  rods  and  parts  exposed  to  fumes  and  carbon  dust 
can  be  cleaned  when  the  lamp  is  being  trimmed  without  exposing 
the  mechanism. 

The  leads  x  z  are  led  in  through  specially  shaped  holes  in  the 
cover,  so  as  to  keep  the  lamp  waterproof.  Of  course  the  lamp 
can  be  fitted  so  that  it  can  be  screwed  ori  to  a  pipe  or  bracket, 
and  attachments  which  are  not  shown  in  the  figure  are  provided 
for  supporting  a  globe  or  lantern.  The  lamp  is  well  suited  for 
inversion,  and  we  have  used  a  number  of  the  inverted  lamps  in 
drawing-offices  with  good  results. 

The  lamp  is  made  in  two  standard  sizes,  designed  for  burning 
10  and  16  hours  respectively.  For  some  purposes,  such  as  street 
lighting,- longer  burning  hours  are  required.  This  is  accomplished 
by  the  provision  of  a  double  carbon  lamp.  We  have  already 
referred  to  the  loss  due  to  waste  carbon  ends,  and  it  will  be  seen 
that  if  a  lamp  has  to  burn  for,  say,  12  hours  every  night,  and 
if  it  is  impracticable  to  stop  it  during  its  run  for  trimming  purposes 
— if  also  the  life  of  the  carbons  be  16  hours — one-fourth  of  the 
carbons  will  have  to  be  thrown  away  when  trimming  for  the  next 
night's  run.  In  the  double-carbon  lamp  there  are,  as  the  name 
implies,   two   sets   of  carbons,  their  united  life  being  therefore 
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32  hours.     One  pair  of  carbons  is  burnt  for  the  first  night's  nm 
and  for  the  first  four  hours  of  the  second,  when  that  pair  will  hare 
been  consumed,  and  the  current  is  then  automatically  diverted  to 
the  second  pair  for  the  remaining  eight  hours.     At  the  end  of  the 
second  night  one  half  of  the  second  pair  of  carbons  will  be  left, 
and  instead  of  throwing  these  eight -hour  lengths  away  they  can 
be  left  in  the  lamp  and  the  burnt-out  carbons  replaced  without 
waste.      The  lamp  would  then   be   trimmed  for  a  run   of  24 
hours,  or  two   nights,   when  the  carbons  would   be  consumed 
completely.    There  are  thus  two  advantages  pertaining  to  double- 
carbon  lamps,  viz.  availability  for  extra  long  runs  and  reduced        1 
wastage  of  carbon.     On  the  other  hand,  it  is  obvious  that  as  there        ,' 
must  be  more  working  parts  in  a  double  than  in  a  single  carbon        \ 
lamp,  the  latter  is  the  simpler  and  correspondingly  less  likely  to 
be  deranged. 

The  Crompton  double-carbon  lamp  is  illustrated  in  fig.  332,        ] 
and  it  will  be  seen  that  the  general  design  is  the  same  as  that  of        [ 
the  single-carbon  lamp,  with  the  main  exception  that  there  arc 
two  sets  of  drums,  each  controlling  its  own  pair  of  carbons,  each 
pair  being  acted  upon  by  a  separate  brake  cord,  and  each  brake 
cord  attached  to  a  separate  spring.     The  upper  ends  of  the  two 
brake  cords  are,  however,  attached  to  the  same  lever,  which  is 
actuated  by  a  series  and  a  shunt  coil  as  before.     The  point  which 
requires  attention  is  the  means  provided  for  allowing  one  pair  of 
carbons   to  feed   before  the   other.      This  is  arranged    by   so 
adjusting  the  lengths  of  the  brake  cords  that  one  spring,  say  s,,  is 
tightened  before  the  other,  say  s2.     If  the  spring  Sj  attached  to 
the  cord  controlling  the  right-hand  pair  of  carbons  (as  shown  in 
fig-  33 2)  tightens  first,  those  carbons  are  pulled  apart,  while  the 
other  pair  of  carbons  is  still  in  contact.      No  arc  is  therefore 
struck  between  the  right-hand  pair,  but  the  movement  of  the 
lever  is  continued  until  the  left-hand  pair  is  separated,  and  an  arc 
is  then  struck  between  the  latter  pair.     When,  as  the  left-hand 
pair  is  consumed,  the  carbons  begin  to  feed  together,  the  lever 
never  comes  down  far  enough  to  release  the  spring  s,,  and  the 
right-hand  pair  is  therefore  kept  apart  until  the  left-hand  pair  has 
been  consumed.      As  soon,  however,  as  the  left-hand  pair  has 
been  burnt  out,  so  that  the  holders  are   unable  to  move  any 
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further,  the  arc  lengthens,  until  eventually  the  lever  takes  up  such 
a  position  that  the  spring  s,  is  released.    The  change-over  then 


takes  place,  the  right-hand  pair  of  carbons  is  allowed  to  make 
contact,  and  then  to  strike  the  arc. 
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So  far  we  have  been  dealing  with  lamps  in  which   the  carbons 
are  surrounded  by  a  practically  continuous  supply  of  fresh  air, 
and  in  which  every  possibility  is  afforded  for  the  consumption  of 
the  carbons   by  ordinary  combustion — that    is   to   say,   by  the 
chemical  combination  of  red-hot  carbon  with  atmospheric  oxygen. 
It  will  be  remembered  that  this  results  in  the  tapering  of  both 
the  positive  and  the  negative  carbons.      We  come  now  to  the 
consideration  of  a  very  different  type  of  lamp,  from  which  air  is 
almost  entirely  excluded,  and  which  is  known  as  the  enclosed  arc 
lamp.     One  of  the  earliest  and  most  persistent  workers  in  the 
development  of  this  type   of  lamp  was   Mr.    Marks,    and   his 
experiments  have  opened  the  way  for  many  others.     The  funda- 
mental principle  of  the  enclosed  arc  lamp  is  that  the  two  carbons 
are  confined  in  a  small  and  almost  hermetically  sealed  opalescent 
glass  globe  or  cylinder,  and  that  after  a  very  short  time   the 
contained  oxygen  will  have  been  combined  with  the  carbon,  and 
the  arc  is  thenceforward  maintained  in  an  atmosphere  of  carbon 
oxide  gas    and    the    inert    gas    nitrogen,   so  that    no    further 
'  combustion '  of  the  carbon  rods  is  possible.     At  the  same  time 
the  heat  due  to  the  arc  considerably  increases  the  pressure  of  the 
gases  contained  in  the  small  globe  or  cylinder,  and  as  the  means 
of  egress  is  very  limited,  the  pressure  upon  the  arc  itself  increases. 
The  effect  is  to  cause  an  increase  in  the  voltage  necessary  to 
maintain  a  given  current,  due  probably  to  an  increase   in   the 
temperature  at  which  the  carbon  can  volatilise,  in  the  same  way 
that  an  increase  in  the  pressure  on  water  raises  its  boiling-point 
Further,   owing   to  the   continued   presence   of  an   atmosphere 
devoid  of  oxygen  but  rich  in  carbon  vapour,  the  length  of  the  arc 
can  be  increased,  and  a  correspondingly  higher  voltage  applied. 
As  a  consequence  enclosed  arc  lamps  can  be  joined  in  parallel 
across  mains  at  a  potential  difference  of  100  volts  or  thereabouts, 
the  e.m.f.  absorbed  by  the  arc  itself  being  75  or  80  volts,  the 
remaining  20  or  25  volts  being  used  up  partly  in  the  lamp  coils, 
but  more  particularly  in  the  unusually  large  steadying  resistance. 
The  fact  that  the  lamp  can   be   thus  joined   up  is  a  decided 
advantage,  as  it  allows  single  lamps  to  be  employed,  or  even  to  be 
joined  in  parallel  with  incandescent  lamps,  but  the  power  which 
is  dissipated  in  the  steadying  resistance,  which  must  be  of  a  high 
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value  because  of  the  great  variations  in  the  resistance  of  the  arc, 

is  considerable  and  reduces  the  commercial  efficiency.     On  the 

other  hand,  the  life  of  the  carbons  is  considerably  enhanced  by 

the  fact  that  there  is  very  little  consumption  due  to  combustion. 

The  lamps  can  in  fact  be  made  to  ran  for  100  hours  or  even 

more  without  retrimming,  but,  in  order  to  permit  of  this,  only 

really  good  carbons  can  be  used,  otherwise  the  impurities  are 

volatilised  and  re-solidified  on  the  inner  surface  of  the  globe. 

When  this  is  allowed  to  happen  it  is  obvious  that  the  luminous 

rays  are  absorbed  and  the  effective  luminosity  of  the  lamp  is 

materially   reduced.      It    is    on 

this  account  that  manufacturers 

usually    urge     that    the    globes 

should  be  frequently  cleaned,  but 

the  student  will  doubtless  realise 

that  if  time  has  to  be  spent  in 

cleaning  the  globe  the  advantage 

which    would    otherwise    result 

from    long    burning    hours    is 

seriously    discounted,    for   if   a 

lamp  has  to  be  attended  to  for 

cleaning  purposes  it  would  occupy 

very  little  longer  time  to  re-carbon 

it,  and  an  ordinary  open  arc  might 

almost  as  well  be  used.     As  a 

matter    of    fact,     the    average 

enclosed  lamp  is  materially  less 

efficient  than  the  open  arc — that  ii 

is  smaller  in  proportion  to  the  power  absorbed.    There  is  one 

great  advantage  attending  the  enclosed  arc,  viz.  that  the  increase 

in  the  length  of  the  arc,  which  ranges  from  a  quarter  to  half  an 

inch,  considerably  reduces  the  screening  effect  of  the  negative 

carbon,  but  even  this  advantage  is  lessened  by  the  fact  that, 

as  there   is   little    or    no   chemical    combustion,    the   ends  of 

the  two  carbons  are  practically  fiat,  and   this  absence  of  the 

tapering  to  which  we  are  accustomed  with  open  arcs  means  that 

the  reduction  in  screening  is  much  less  than  would  otherwise  be 


;  to  say,  the  amount  of  light 
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In  this  connection  the  student  should  turn  to  figs.  326  and 
327,  and  compare  them  with  fig.  333,  which  is  the  polar  curve  for 
a  Jandus  enclosed  arc  lamp  tested  by  Professors  Houston  and 
Kennedy.  It  will  perhaps  be  noticed  that  the  illumination  is  at 
its  maximum  intensity  through  a  zone  about  400  in  width,  which 
is  considerably  larger  than  that  obtained  by  an  open  arc  This 
explains  the  fact  that  the  illuminated  area  is  enlarged,  and  although 
some  allowance  should  be  made  for  the  special  conditions  under 
which  the  lamp  was  tested,  fig.  334  may  be  taken  as  approximately 
indicating  the  distribution  of  light  from  open  and  enclosed  lamps. 
In  this  figure  the  dotted  line  represents,  by  its  height  above  the 
ground  line  a  b,  the  relative  illuminations  up  to  a  distance  of 

Fig.  134 
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140  feet  from  the  base  of  a  standard  supporting  an  open  lamp 
20  feet  above  the  ground.  Similarly  the  full  line  represents  the 
illumination  due  to  a  Jandus  enclosed  lamp.  It  is,  however, 
essential  that,  in  order  to  obtain  results  such  as  those  indicated, 
the  globe  should  be  quite  clean,  the  adjustment  perfect,  and  the 
arc  steady.  As  a  matter  of  fact,  the  lamp  is  often  wanting  in 
steadiness.  The  large  area  of  the  end  of  the  positive  rod  prevents 
the  maintenance  of  a  definite  crater,  and  as  a  consequence  the 
arc  travels  round  the  carbon  or  from  side  to  side,  and  the  effort 
to  produce  a  true  crater  being  thus  continually  thwarted,  the 
illumination  is  wanting  in  uniformity.  It  is  largely  on  this 
account  that  a  somewhat  dense  globe,  and  in  many  cases   an 
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inner  and  an  outer  globe,  have  been  resorted  to,  with  the  object 
of  rendering  the  variations  less  apparent. 

As  we  have  said,  the  carbons  are  consumed  very  slowly,  a 
lamp  which  will  burn  for  140  hours  or  thereabouts  being  fitted 
with  a  pair  of  13-millimetre  solid  carbons  12  and  6  inches  in 
length  respectively,  and 
although  it  is  usually 
constructed  on  the  non- 
focussing  principle,  i.e. 
with  the  lower  carbon 
fixed,  the  rate  at  which 
that  carbon  is  consumed 
is  so  slow  as  to  give  the 
lamp  practically  all  the 
advantages  of  a  focuss- 
ing lamp. 

The  Jandus  lamp  is 
the  most  prominent  of 
the  enclosed  type,  and 
the  construction  of  one 
form  of  the  lamp  is 
illustrated  in  fig.  335. 

The  upper  portion 
of  the  lamp,  through 
which  the  upper  or 
positive  carbon  is  fed, 
is  practically  air-tight ; 
the  arc  itself  is  enclosed 
in  a  small  and  almost 
air-tight  glass  cylinder, 
and  the  outer  globe  is 
supported  at  the  top 
from  the  lamp  itself,  the 
access  of  air  at  this  part  being  prevented  by  clamping  the  globe  in 
asbestos  washers.  An  inverted  brass  dish  is  pressed  against  the 
lower  portion  of  the  globe  and  prevents  the  air  passing  in  at  that 
point.  The  object  is  to  limit  almost  to  the  point  of  exclusion  the 
access  of  air  to  the  arc,    for  reasons  which  have  already  been 
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explained.     The  only  moving  part,  when  the  lamp  is  burning,  is 
the  core  of  the  electro-magnet  with  its  pole-piece  and  attachment 
which  in  moving  up  and  down   raises   or  releases    the   upper 
carbon,  as  the  case  may  be.     The  negative  carbon  is  fixed  into  a 
stationary  holder  which  is  supported  by  the  frame  l  l.     The 
negative  holder  in  its  turn  supports  the  small  opalescent  cylinder  c 
Resting  on  the  top  of  this  cylinder  is  a  light  steel  cap  provided 
with  a  hole  just  large  enough  to  allow  the  upper  carbon  rod  to  pass 
freely.    The  lower  end  of  the  negative  holder  also  carries  the 
inverted  brass  dish  referred  to  above,  the  upper  face  of  which 
is  pressed  against  the  lower  portion  of  the  outer  globe  by  means 
of  a  spiral  spring.      This  arrangement  effectually  prevents  air 
getting  into  the  globe,  but  allows  some  of  the  gas  contained 
therein  to  escape  when  the  pressure  is  sufficient  to  overcome  the 
spring.    The    positive  carbon  slides  freely  between   a   set   of 
centring   rings.      By  giving  a  slight  twist   to   the  knob    G  the 
spider  k  is  released  from  the  brass  framework  l  and  the  glass 
cylinder  c  can  then  be  withdrawn  for  cleaning  and  trimming. 
The  hand  hole  thus  provided  at  the  bottom  of  the  outer  globe  is 
sufficiently  large  to  permit  the  inside  of  the  globe  to  be  cleaned, 
and  there  is  therefore  no  need  to  dismantle  the  globe  or  any 
other  part  of  the  lamp.     The  lamp  is  differentially  wound,  the 
series  and  shunt  coils  being  both  wound  over  a  thin  tube,  at  the 
upper  end  of  which  is  a  massive  pole-piece  of  soft  iron  with  a 
slightly  tapered  hole  turned  out ;  this  pole-piece  is  continuous 
with  a  stout  sheathing  of  iron  tubing,  outside  the  coils.     A  box 
is  secured   to  the  lower  end  of  this  tube,   and  fitting  into  it, 
sufficiently  closely  to  form  an  effective  dashpot,  is  another  box. 
The  inner  face  of  the  latter  box,  which  is  attached  to  the  central 
rod  carrying  the  upper  carbon,  is  inclined  and  carries  a  substantial 
soft  iron  armature  which  forms  the  core  of  the  electro-magnet  and 
which  is  tapered  at  its  upper  end  to  correspond  with  the  inside 
taper  on  the  upper  pole-piece  m.     There  are  three  slots  cut  in 
the  armature,  and  a  similar  number  of  brass  rings  rest  on  the  inner 
or  inclined  face  of  the  box.     These  rings  are  not  in  any  way 
attached  to  the  core  or  to  the  box,  so  that  when  the  current 
passes  through  the  series  coil,  and  the  core  is  drawn  up  in  the 
effort  to  complete  the  magnetic  circuit,  the  box  is  also  lifted, 
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and  as  it  rises  it  presses  the  rings  against  the  loosely  fitting 
carbon  rod.  In  this  way  the  carbon  is  also  raised,  and  the  arc 
struck. 

Every  care  is  taken  to  ensure  that  the  lamp  shall  be  capable 
of  withstanding  abnormal  voltages  without  risk  of  injury.  This 
means  that  the  insulating  materials  employed  are  of  the  best,  and 
that  the  cross-section  of  the  wires  and  other  conductors  must  be 
ample.  The  coils  are,  as  we  have  said,  sheathed  with  iron,  and 
there  is  some  justification  for  the  claim  that  the  lamp  is 'iron-clad.' 
The  lamp  described  is  obviously  constructed  for  direct-current 
working,  but  a  modification  has  been  designed  for  alternate-current 
working,  in  which  the  two  coils  are  wound  over  a  laminated  core, 
which  by  means  of  geared  pulleys  lifts  a  clutch  mechanism  for 
striking  the  arc. 

In  a  development  of  the  enclosed  arc-lamp  there  are  two  pairs 
of  carbons  which  are  joined  together  in  series,  so  that  a  single 
lamp  can  be  joined  across  a  pair  of  mains  having  a  potential 
difference  of  from  200  to  250  volts.  The  light  is,  of  course,  about 
doubled,  so  also  is  the  power  absorbed.  It  is  essential  that 
the  two  arcs  should  be  struck  automatically  and  simultaneously. 
This  is  accomplished  by  means  of  a  self-adjusting  clutch 
arrangement. 

A  still  more  recent  type  of  lamp  than  the  enclosed  is  that 
known  as  the  Flame  type.  In  its  construction  it  is  a  somewhat 
natural  development  of  one  of  the  very  earliest  of  modern  arc- 
lamps,  viz.  the  Lampe  Soleil,  in  which  the  two  carbons  which 
were,  however,  unusually  stout,  were  inclined  one  to  the  other 
in  the  same  vertical  plane  with  a  small  slab  or  block  of  white 
marble  immediately  over  the  point  where  the  two  carbons  met. 
The  inclination  of  the  carbons  was  in  the  form  of  a  wide  letter  V, 
so  that  both  rods  were  above  the  arc,  which  on  being  struck  made 
the  marble  white  hot.  The  addition  of  the  light  emitted  and 
reflected  by  the  marble  to  the  light  projected  downwards  by  the 
arc  itself,  added  to  the  absence  of  any  screening  effect  of  the 
negative  carbon,  resulted  in  the  production  of  a  very  powerful 
light.  The  details  of  construction  were,  however,  very  crude,  and 
the  lamp  was  therefore  a  failure.  In  the  modern  flame  lamp  we 
have  all  the  good  features  of  the  Lampe  Soleil,  but  with  the  added 
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Fig.  336 


advantages  of  good  constructional  detail  and  a  considerably 
increased  length  of  arc.  The  pressure  which  such  a  lamp  requires 
when  burning  pure  carbon,  and  under  the  best  conditions,  is,  owing 
to  the  increased  length  of  the  arc,  about  90  volts,  with  a  current 
of  8  or  10  amperes.  The  power  absorbed  is  therefore  approxi- 
mately twice  as  much  as  in  the  case  of  the  ordinary  arc  lamp. 
In  this  connection  reference  should  be  made  to  fig.  336,  which  is 
a  polar  curve  constructed  by  Professor  Wedding  from  experiments 
which  he  conducted  with  a  lamp  of  this  class.  The  curve  is  very 
instructive  and  should  be  compared  with  that  given  in  fig.  326 
for  an  ordinary  open  arc.      M.  Carbone  is  to  be  credited  with 

having  done  good  work  in 
the  development  of  the 
long  flame  horizontal  arc. 
A  further  advance  has 
lately  been  made  by  im- 
pregnating the  carbons 
with  various  salts,  which  in 
combustion  give  to  the  arc 
a  very  large  flame  and  one 
which  is  rich  in  luminous 
rays,  instead  of  the  small 
flame  consisting  almost 
entirely  of  the  ultra-violet 
or  non-luminous  rays, 
which  is  so  characteristic  of  the  arc  between  pure  carbons.  The 
coloration  of  the  flame  can  be  varied  from  a  pale  yellow  to  a 
decided  red  by  varying  the  composition  of  the  impregnating  salts, 
and  although  in  many  cases  the  colour  is  objectionable,  the  lamp 
can  be  made  to  emit  a  light  which  is  warm  in  tone  and  more 
cheerful  than  that  usually  associated  with  the  combustion  or 
volatilisation  of  pure  carbon.  Mr.  Trotter  has  remarked  in  con- 
nection with  the  introduction  of  luminous  flame  lamps  that  *  it  is 
as  though  for  many  years  we  had  been  accustomed  to  nothing  but 
non-luminous  flames,  like  Bunsen  flames  or  water-gas  flames, 
and  then  somebody  discovered  the  carburetted  flame  like  that  of 
ordinary  gas-light.  The  flame  of  the  arc  lamp  has  been  almost 
as  useless  for  illumination  as  a  Bunsen  flame,  but  now  someone 
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has  succeeded  in  imparting  a  colour  to  it — and  a  very  horrible 
colour  I  think  it  is.' 

A  great  variety  of  substances  has  been   experimented  with, 
and  as  a  result  calcium  fluoride   has  been  found  so  far  to   be 
the   most  favourable,  and  it  therefore  forms   in  most   cases  the 
basis  of  a  mixture  for  the  core  for  flame-lamp  carbons,  a  small 
percentage  of   potassium   silicate  frequently   entering  into  the 
mixture.     Bremer,   who    is    largely   responsible   for    the    intro- 
duction of   flame   lamps,   impregnated   the  entire  carbon,   but 
experience  has  shown  that  it  is  better  to  use  a  soft-cored  carbon, 
even  though  the  total  diameter  be  small.     The  relative  softness 
of  the  core  assists  in  confining  the  arc  to  the  extremities  of  the 
rods,  and   prevents  to  some  extent  the   migration  of  the  arc. 
This  arrangement  also    has    the  advantage    that    atmospheric 
oxygen  cannot  get  into  contact  with  the  impregnating  salts  and 
cause  premature  combustion  and  the  consequent  copious  deposit 
of  residue  upon  the   inner  surface  of  the  globe.     The  softness 
of  the  core  is,  however,  a  term  which  is  frequently  misunderstood. 
The  term  does  not  mean  a  core  consisting  of  a  substance  which  is 
physically  soft — or  shall  we  say  pliable  or  ductile,  like  jelly  or  lead? 
— but  one  which  contains  salts  which  have  a  low  *  boiling  point ' 
or  a  low  temperature  of  volatilisation,  and  which  therefore  require 
a  lower  voltage  to  establish  an  arc.     Mr.  Duddell,  in  the  course 
of  his  experiments,  has  found  that  a  carbon  rod  with  a  core 
consisting  of  a  glass  rod  (which  is  composed  largely  of  sodium 
silicate,   and  is    therefore  readily  volatilised)  enabled    him   to 
maintain   an  arc  with  a  very  much  lower  voltage   than  would 
have  been  the  case  had  the  carbon  *  tube  '  been  provided  with  an 
ordinary  carbonaceous  core.     It  is  interesting  to  note  that  when 
the  supply  of  *  impurities '  is  excessive  the  arc  is  irregular  and 
the  vaporisation  causes  continual  bursts  of  light  of  a  disagreeable 
character.     The  cored  carbons  usually  manufactured  are  of  rela- 
tively small  diameter  and  contain  not  more  than  10  per  cent,  of 
the  incorporated  mineral  substances.     The  smallness  of  the  car- 
bons results  in  a  correspondingly  high  current  density,  and  it  also 
follows  that  they  are  quickly  consumed  and  require  therefore  frequent 
renewal.     It  will  furthermore  be  readily  seen  that  they  offer  a  con- 
siderable electrical  resistance,  a  feature  which  has  led  to  a  proposal 
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to  reintroduce  the  practice,  long  since  abandoned,  of  coating  the 
carbons  with  an  electrolytic  deposit  of  copper.     As   it  is,  there  is 
always  a  considerable  amount  of  ash  from  chemical  carbons,  and 
the  addition  of  the  copper  would  result  in  the  necessity  for  more 
frequently  cleaning  the  globes.  The  admixture  of '  impurities '  in  the 
core  has  the   effect  of  reducing  the  temperature  of  the  crater, 
and  as  a  consequence  its  intrinsic  brilliance  is  also  lessened  by 
something  like  30  or  possibly  more  per  cent ;  but  the  luminosity  of 
the  flame  more  than  compensates  for  this  loss,  and  the  illumination 
per  watt  is  undoubtedly  very  much  greater  than  with  the  ordinary 
arc.    It  has  been  estimated  that  the  intrinsic  brilliance  of  the  flame 
is  about  one-third  of  that  of  the  crater,  but  of  course  very  much 
depends  upon  the  dimensions  of  the  flame,  and  bald  statements 
of  this  character  can  only  be  regarded  as  applying  to  particular 
cases.     M.   Blondel  estimates  that,  with   a  continuous  current 
service,   equal    mean  spherical  candle-powers  result   when  the 
ordinary  open  arc   takes  three  times  the   power  required  by  a 
continuous  current  chemical  flame  arc — that  is  to  say,  the  flame 
arc  has  three  times  the  efficiency  of  the  ordinary  open  arc,  but 
against  this  must  be  set  the  enhanced  cost  of  the  carbons  and 
the  increased  cost  of  trimming,  which  will  appreciably  reduce  the 
difference. 

One  advantage  resulting  from  the  adoption  of  the  flame  arc 
is  that  a  smaller  current  may  be  used,  so  that  while  an  open 
carbon  arc  usually  absorbs  500  watts,  a  flame  arc  can  be 
satisfactorily  maintained  with  250  to  300  watts.  This  is  a  greater 
advantage  than  would  at  first  sight  be  apparent,  the  point  being 
that  in  very  many  comparatively  small  establishments  the 
possibility  of  having  two  illuminating  centres  instead  of  one 
would  be  a  determining  factor  in  deciding  upon  the  adoption  of 
lighting  by  means  of  the  electric  arc.  On  the  other  hand,  the 
fact  that  the  flame  arc  is  usually  shielded  by  an  '  economised 
that  is  to  say,  the  arc  is  struck  in  a  cavity  in  a  piece  of  porcelain, 
there  are  few  or  no  horizontal  rays,  and  the  bulk  of  the  light 
is  projected  downwards.  This  will  be  clearer  if  fig.  337  is  studied, 
which  is  the  polar  curve  drawn  by  Professor  Wedding  for  an 
open  flame  arc  ;  it  should  be  compared  with  fig.  336.  The  curve 
is  decidedly  irregular ;   with  a  "good  and  well-adjusted  arc  the 
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curve  should  more  nearly  approach  the  formation  illustrated  in 

fig.  336. 

The  introduction  of  the  economiser  referred  to  above  con- 
serves the  heat  and,  as  Mr.  Cowan  points  out,  the  effect  is  a 
tendency  to  enlarge  the  crater  and  thereby  to  increase  the 
generation  of  luminous  rays. 

An  enclosed  chemical  flame  arc  is  at  present  impracticable 
owing  to  the  fact  that  the  underlying  principle  of  the  flame  arc 
is  combustion  by  oxidation,  and  obviously  such  oxidation  cannot 
take  place  in  an  atmosphere  devoid  of  oxygen.  As  we  go  to 
press,  however,  we  learn  that  the  Jandus  Company  have  produced 
what  they  call  a  regenerative  flame  arc  lamp.  A  smaller  proportion 
of  salts  is  used,  and  the  carbons  are  arranged  co-axially — that  is, 

Fig.  337 


vertically  one  over  the  other.     The  positive  carbon  is  placed  in 
the  lower   holder,   and  the  arc  is  surrounded   by  a  clear-glass 
cylinder  which  is  open  at  both  ends.     A  pair  of  large  curved 
tubes  connect  the  upper  and  lower  ends  of  the  cylinder,  passing 
down  on  the  outer  side  of  an  outer  glass  globe.    The  products 
of  combustion  in  the  arc  pass  upwards,  and,  entering  the  two  tubes, 
are  forced  down  them  and  made  to  re-enter  the  cylinder  at  the 
lower  end.     The  combustion  is  therefore  more  complete,  and  the 
particles  are  raised  over  and  over  again  to  a  state  of  incandescence. 
It  is  said  that  the  arc  is  one  inch  in  length,  that  a  pair  of  carbons 
will  last  for  seventy  hours,  and  that  the   current  required   is 
5-5  amperes  at  a  pressure  of  100  volts.     The  electrical  mechanism 
is  very  simple.     The  series  and  shunt  coils  are  wound  on  separate 


704  Electrical  Engineering  crap.it 

bobbins  placed  one  on  each  side  of  the  central  tube  which 
carries  the  upper  or  negative  carbon.  The  cores  of  these  coils 
slide  up  and  down  according  to  the  current,  and  are  connected 
together  by  a  link  which  is  pivoted  to  the  frame  of  the  lamp  and 
is  also  connected  to  the  negative  holder,  which  is  therefore  raised 
or  lowered  as  the  series  or  shunt  coil  predominates. 

It  will  probably  have  occurred  to  the  student  that  with  inclined 
carbons  the  ascending  column  of  heated  air  would  tend  to  drive 
the  flame  upwards,  so  that  the  crater  would  be  transferred  to 
the  upper  edge  of  the  carbon  tip.  In  such  a  case  the  arc 
would  be  largely  obscured  by  both  the  positive  and  the  negative 
carbons,  and  in  order  to  keep  the  arc  as  low  as  practicable  it  is 
usual  to  place  a  magnet  with  its  poles  just  above  the  arc,  with 
the  result  that  the  magnetic  field  repels  the  field  due  to  tht 
passing  current  and  so  drives  the  arc  downwards.  The  applica- 
tion of  this  principle  will  be  seen  in  the  construction  of  the  lamps 
which  are  described  in  the  succeeding  pages. 

The  patent  granted  for  the  Bremer  lamp  covered  the  essentia] 
principles  of  the  chemical  flame  arc,  but  the  lamp  itself  was  im- 
perfect in  certain  details,  and  has  consequently  been  subjected  to 
fierce  competition. 

Undoubtedly  one  of  the  most  successful  lamps  of  this  type  is 
the  Excello.  It  is  a  well-designed  and  well-finished  lamp,  and  is 
therefore  capable  of  withstanding  prolonged  and  heavy  usage. 
The  principal  constructional  details  of  the  direct-current  lamp  are 
indicated  in  the  diagram  fig.  338.  It  is  a  differential  lamp,  and 
the  series  coil  a  and  the  shunt  coil  b  are  wound  on  separate  cores 
placed  at  right  angles  with  one  another,  the  series  coil  or  magnet 
being  arranged  vertically,  and  the  shunt  magnet  horizontally,  the 
latter  being  joined  to  the  lamp  terminals  so  as  to  form  a  shunt 
across  the  series  coil  as  well  as  across  the  carbons,  &c.  Between 
the  adjacent  and  peculiarly  shaped  pole-pieces,  c  d,  of  the  two 
magnets  is  an  armature  e,  which  can  swing  to  and  fro,  and  is  con- 
nected to  a  detent  f,  which,  by  means  of  a  star  wheel  with  which 
it  engages,  controls  the  feeding  gear,  consisting  of  a  small  train  of 
wheels  and  chains  attached  to  the  carbon  rods  G  h.  One  turn  of 
the  star  wheel  results,  therefore,  in  a  certain  definite  feed  forward 
of  the  two  carbons.     The  spur  reduction  gear  for  controlling  the 
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feed  has  been  found  to  give  good  results,  both  in  the  simplifica- 
tion of  the  constructional  details  and  in  the  consequent  cost 
of  maintenance.     The  star  wheel  and  detent  may,  perhaps,  be 


regarded  as  the  successor  to  the  rack  rod  of  the  older  type  of 
lamp. 

Returning  to  the  figure,  it  will  be  seen  that  when  the  shunt 
magnet  B  is  predominant,  the  detent  f  is  drawn  away  from  the 
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four-vaned  star  wheel,  and  thereby  frees  the  gear  and  allows  tbe 
carbons,  g  h,  to  feed  together.  In  the  actual  lamp  tbe  detent  fe 
attached  to  the  crank  which  carries  the  armature  e,  by  means  of 
a  hinge,  so  as  to  give  it  a  slight  motion  and  prevent  it  from  lock- 
ing with  the  outer  portion  of  one  of  the  vanes,  and  to  enable  :bc 
one  to  slide  over  the  other  and  ensure  perfect  locking  at  the 
proper  time. 

Normally  the  carbons  are  separate  when  no  current  is  pass- 
ing, the  armature  e  being,  by  means  of  an  adjustable  weight,  w, 
drawn  down  towards  the   pole-piece  d,  so  that  the  detent  f  i> 
engaged  with  the  star  wheel.     At  the  moment  that  the  current  is 
switched  on,  the  circuit  through   the  series  coil  a   is  therefoft 
broken,  and  the  magnet  b  is  alone  effective,  so  that  e  is  raised 
f  is  withdrawn,  and  the  carbons  are  allowed  to  feed.     There  k 
however,  a  vertical  rod  (not  shown  in  the  figure)  attached  by 
means  of  a  ball  joint  to  the  crank  lever ;  when  e  approaches  c, 
this  rod  is  raised,  and  actuates  a  small  slider  at  its  lower  end  ra 
such  a  way  as  to  bring  the  carbons  into  contact.     The  circni: 
through  the  series  coil  a  is  thus  completed,  and  the  carbons  being 
in  contact,  a  heavy  current  flows  through  it,  sufficient  to  draw  the 
armature  e  down.     This  causes  the  vertical  rod  to  fall  and  tbe 
slider  to  separate  the  carbons,  and  thereby  strike  the  arc     The 
slight  movement  of  the  crank  lever  causes  simultaneously  a  slight 
rotation  of  the  drum  which  carries  the  chain  attached  to  the  upper 
ends  of  the  carbon  holders,  so  that  the  carbons  are  also  raised 
through  a  short  distance.     There  is  thus  a  combination  of  lateral 
and  vertical  movements  of  an  original  and  ingenious  character. 
Subsequently  the  reactions  of  the  series  and  shunt  coils  suffice  to 
maintain  an  arc  of  almost  uniform  length.     There  are,  however, 
one  or  two   other  points  of  interest  which   deserve  attention. 
Immediately  above  the  point  where  the  carbons  converge  and 
form  the  arc  is  an  *  economised  j,  which  consists  of  a  circular 
block  of  a  particular  class  of  porcelain,  and  performs  the  same 
functions  as  the  block  of  marble  in  the  Lampe  Soleil  previously 
referred  to.     The  arc   being  situated  within  the  recess  on  the 
under  side  of  the  economiser  is  protected  from  possible  drangte 
of  air.     The  economiser  is  supported  in  a  ring  which  is 
to  a  stout  metal  base,  so  constructed  as  to  separate  th** 
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globe  from  that  in  the  cover,  and  thereby  to  prevent  the  products ' 
of  combustion  from  getting  into  and  clogging  the  works. 

The  angle  at  which  the  carbons  are  inclined  to  each  other  is 
so  sharp  that  there  is  the  risk  that  when  the  carbons  have  burned 
their  full  time,  and  consequently  do  not  feed  further  forward,  the 
"  arc  itself  may  travel  up,  with  the  result  that  the  economiser  might 
be  fractured  and  some  of  the  metal  work  destroyed.  In  order  to 
prevent  this  a  cut-out  device  is  provided  for  circuits  carrying 
pressures  up  to  125  volts.  When  the  carbons  are  in  almost  their 
lowest  possible  positions,  and  cannot  feed  further,  the  shunt 
circuit  is  automatically  broken  by  a  carbon-faced  switch  s2, 
mechanically  operated  by  a  small  detent,  k,  attached  to  the 
chain  which  connects  the  two  carbons.  This  causes  the  series 
magnet  to  suddenly  draw  the  armature,  e,  right  over,  and,  by 
separating  the  carbons  to  the  maximum  distance,  to  effectively 
break  the  arc.  When  a  higher  voltage,  say  240,  is  employed 
a  blow-out  magnet,  n  s,  is  fitted.  This  is  partially  excited,  so 
long  as  the  lamp  is  running  normally,  by  a  series  winding,  m,  the 
circuit  for  which  passes  from  the  negative  carbon  holder  to  the 
series  coil.  When,  however,  the  shunt  circuit  through  the  coil  b 
is  broken,  and  the  pole-piece,  c,  is  demagnetised,  an  extra  shunt 
circuit  is  provided  from  the  positive  terminal  through  the  coils  l  l 
and  the  switch  Sj,  which  largely  increases  the  magnetisation  of 
the  blow-out  magnet,  and  infallibly  extinguishes  the  arc.  Bearing 
in  mind  the  reactions  of  the  series  and  shunt  coils,  the  student 
will  perhaps  realise  that,  it  being  granted  that  the  proper  position 
of  the  arc  is  just  within  the  cavity  of  the  economiser,  an  arc 
formed  below  the  edge  of  the  economiser  indicates  that  the 
potential  difference  is  too  small  and  that  the  steadying  resistance 
in  series  with  the  lamp  requires  to  be  reduced.  If,  on  the  other 
hand,  the  arc  burns  high  .up  in  the  cavity,  the  series  coil  is  too 
effective,  or,  in  other  words,  the  potential  difference  is  excessive, 
and  the  steadying  resistance  should  be  increased  in  order  to 
restore  the  balance. 

The  lamp  is  well  and  substantially  made,  and  all  the  parts  are 
standardised,  so  as  to  be  capable  of  easy  replacement  in  case  of 
need,  as  so  much  depends  upon  the  proper  adjustment  of  the 
lamp.     This  portion  of  the  work  is  always  attended  to  before  the 
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lamp  is  handed  over  to  the  mercies  of  the  lamp-trimmer,  and  the 
adjustment  having  been  once  made  the  lamp  is  sealed,  a  pro 
ceeding  which  bespeaks  a  certain  measure  of  confidence  by  the 
manufacturers  in  the  reliability  and  permanency  of  their  work. 

A  feature  in  connection  with  the  Excello  lamp,  and  probably 
with  all  others  burning  impregnated  carbons,  is  that  the  same 
class  of  carbon  should  always  lie  used  in  the  same  class  of  lamp. 
As  we  have  already  said,  they  are  small  in  diameter,  the  io-ampere 
Excello  lamp  taking  10-  and  9-millimetre  carbons  for  the  positive 
and  negative  respectively,  while  the  more  frequently  employed 
8-ampere  lamp  takes  carbons  of  9  and  8  millimetre  diameter. 
The  rate  of  consumption  is  such  that  for  a  10-hour  run  the  length 
of  the  carbons  is  15I  in.,  while  lamps  constructed  to  bum  for 
16  or  17  hours  require  a  length  of  23^  in.  The  resistance  of  the 
carbons  is  therefore  a  material  factor,  although  in  the  class  in 
question  each  rod  is  provided  with  a  thin  metallic  core  which 
reduces  the  loss  of  pressure  in  a  pair  of  the  longer  carbons  to 
about  4  volts,  as  compared  with  12  volts  or  more,  in  certain 
others. 

Fig.  339  is  instructive.  It  contains  a  polar  curve,  b,  con- 
structed by  an  independent  testing  institution,  as  the  result  of 
a  series  of  tests.  The  shape  of  the  curve  is  very  interesting  and 
indicates  a  steady  arc ;  the  reduction  in  the  illumination  imme- 
diately under  the  arc  is  probably  due  to  the  fact  that  in  that 
position  the  rays  are  due  to  the  flame  alone.  The  curve  a  is  an 
average  of  the  tests  taken  below  the  horizontal  x y,  and  is  there- 
fore the  mean  hemispherical  candle-power  curve,  and  the  tests 
showed  that  this  mean  hemispherical  candle-power  (or  m.h.cp.) 
for  a  lamp  taking  87  amperes  with  a  potential  difference  across 
the  arc  of  44  volts,  and  burning  9  and  8  millimetre  carbons,  was 
1352,  or  about  twice  the  value  for  aji  ordinary  io-ampere  open 
arc  lamp,  both  lamps  being  fitted  with  globes. 

The  4  Oriflamme  '  arc  lamp  is  another  successful  form  of  lamp 
in  which  the  carbons  contain  within  their  cores  mineral  salts, 
and  it  has  also  the  exceptional  feature  that,  in  order  to  obtain 
a  length  of  burning  with  this  class  of  carbon  which  would  not 
otherwise  be  possible,  it  is  constructed  with  magazines  or  storage 
chambers  to  contain  several  pairs  of  carbons  to  be  successively 
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consumed.  The  tamp  is  therefore  designed  on  novel  lines,  and 
ils  construction  and  action  are  fully  illustrated  in  figs.  340  and  341, 
which  are  similarly  lettered. 

The  internal  framework  of  the  lamp  is  of  a  substantial 
construction.  The  terminals  at  the  top  of  the  lamp  are  so 
arranged  as  to  secure  the  framework  into  the  top  casting  and  at 
the  same  time  insulate  it  from  the  outer  casing  of  the  lamp.  In 
continuous-current  lamps,  the  framework,  in  addition  to  serving  as 


a  support  for  the  regulating  coils,  magazines,  &c,  is  employed  for 
the  purpose  of  inducing  a  magnetic  field  in  the  neighbourhood  of 
the  arc  for  repelling  it  downwardsJ  The  two  downwardly  extending 
limbs  of  the  framework,  terminating  at  a  point  just  above  the  arc, 
form  the  poles  of  an  electro- magnet  excited  by  the  main  current 
flowing  through  a  coil,  a,  placed  horizontally  towards  their  upper 
ends.     The  framework  forms  the  positive  pole  of  the  lamp. 

The  carbon  magazines  consist  of  flat  receptacles  in  which  the 
carbons  are  contained  one  behind  the  other.     Provision  is  made 
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at  the  back  of  the  magazines  tor  inserting  the  carbons.  Spik 
arms,  b,  bear  upon  the  carbons  and  keep  them  pressed  up  to 
discharging  side  of  the  magazines.  Projections,  e,  on  endks 
chains  capable  of  rotation  engage  with  the  carbons  for  advance 
or  feeding  them  from  the  magazines  as  is  required.  As  each  pa 
of  carbons  is  fed  forward,  others  are  pressed  into  position  byii 


spring  arms,  to  be  engaged  in  turn  by  further  projections  on  tb. 
chains.  The  feeding  chains  run  on  pulleys  fixed  at  each  <tM 
of  each  pair  of  magazines,  and  molion  is  transmitted  to  them 
simultaneously  through  a  shaft, d,  engaging  with  the  top  pulleys  "I 
each  magazine  which  is  revolved  by  means  of  a  pawl  engaging 
with  a  ratchet  wheel,  e,  mounted  upon  the  shaft.  As  each  carfw 
issues  from  the  lower  end  of  each  nugasine  it    passes  throat 
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a  weighted  clutch,  /,  which  serves  to  convey  the  current  to  the 
carbon  as  well  as  for  retaining  it  in  position.  The  carbons  meet 
to  form  the  arc  just  below  these  clutches,  as  the  magazines  are 
disposed  to  each  other  in  the  form  of  a  letter  V.  In  order  to 
strike  the  arc  after  the  carbons  touch  and  the  current  passes 
between  them,  the  negative  magazine,  g,  is  loosely  pivoted  at 
its  upper  end  (A)  in  a  bracket  fixed  to,  but  insulated  from,  the 
framing,  and  is  caused  to  swing  away  from  the  other  or  positive 


magazine,  which  is  rigidly  fixed  and  is  uninsulated  from  the 
framework  of  the  lamp.  The  movable  magazine  is  connected 
by  means  of  a  bell  crank  lever  and  link,./',  to  the  regulating 
mechanism  from  whence  it  derives  its  movement. 

The  regulating  mechanism  consists  of  a  pair  of  solenoids,  k, 
mounted  side  by  side  on  the  framework  at  the  back  of  the 
magazines  and  having  a  horseshoe  iron  core,  /,  working  within 
them.  Each  solenoid  consists  of  a  high  resistance  winding,  which 
constitutes  the  shunt  coil  across  the  arc,    and  of  a  few  turns 
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of  low  resistance  wire  wound   in   opposition  to  the   shunt  coil, 
and   constituting   the   series   winding,  through  which    the   main 
current  passes.     The  movable  core  is  pivoted  on  a  '  knife  e<k$eJ 
bearing  to  a  rocking  cradle,  #/,  which  in  turn  is  also  pivoted  on 
*  knife  edges/  «,  to  the  framework.     The  link  which  conveys  the 
movement    from    the    regulating   mechanism    to    the     swinging 
magazine  is  pivoted  upon  this  cradle,  so  that  a  movement  of  the 
regulating  core  is  directly  conveyed  to  the  ends  of  the  carbons 
projecting  below  the  magazines.     Coming  now  to  the  action  of 
the  regulating  mechanism  :  before  the  current  is  switched  on,  the 
ends  of  the  two  carbons  are  apart  and  the  core  in  the  solenoids 
is  at  its  lowest  position.     When  the  current  is  switched  on,  the 
shunt  coil   is  strongly   energised    and  causes  the    core    to   be 
attracted.     This  motion  at  once  brings  the  carbons  into  contact 
and  a  current  flows  between  them  simultaneously  with  a  drop  of 
voltage  across  them,  and   the   current   in  the   shunt  coil    being 
consequently  weakened,  while  the  current  in  the  series  coil  is 
strengthened,  allows  the  movable  core  to  drop  and  therefore  to 
separate  the  carbons  and  strike  the  arc.     The  magnetic  pull  of 
the  regulating  solenoids  upon  the  iron  core  maintains  a  state  of 
equilibrium  or  balance,  and  keeps  the  arc  at  its  correct  burning 
voltage.     The  reverse  end  of  the  rocking  cradle  to  which  the  core 
is  attached  is  suitably  weighted  to  obtain  a  balance  corresponding 
with  the  voltage  of  the  arc  it  is  desired  to  maintain.     As  the 
carbons  are  consumed,  the  regulating  gear  gradually  moves  one 
magazine  towards  the  other  one,  until  when  no  further  movement 
is  available  it  is  necessary  to  feed  the  carbons  from  the  magazines 
in  order  to  further  maintain  the  arc.     The  rocking  cradle  when 
near  the  limit  of  its  movement  as  above  described  brings  into  the 
action  the  magnetic  feeding  *  otor  as  and  when  required  to  feed 
the  carbons  from  the  magazines.     Just  below  and  attached  to  the 
core  by  means  of  a  socket  is  an  air  'dashpc^'  o,  provided  to  steady 
or  damp  any  sudden,  violent  movement  which  might  otherwise 
result  in  the  lamp  'pumping.'     This  dash  pot,  for  cleaning  pur- 
poses, is  made  readily  detachable   from  the  lamp  by  loosening 
a  thumbscrew. 

The  magnetic  motor  is  brought  into  action  by  the  regulating 
gear,   and  its  purpose  is  to  rotate  the  ratchet  wheel  and  shaft 
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connected  with  the  chains  of  the  two  magazines  so  as  to  feed 
the  carbons  from  them.  The  motor  consists  of  a  horseshoe 
electro- magnet,  /,  provided  with  a  loosely  pivoted  iron  armature  q . 
The  magnet  is  excited  by  a  small  current  drawn  from  across  the 
lamp  terminals,  and  in  circuit  with  it  is  a  make  and  break  switch, 
r,  which  is  normally  in  the  '  ofT  position.  The  switch  is  provided 
with  links,  s,  both  connecting  with  the  regulating  cradle  and  with 
the  armature.  The  cradle  by  its  movement  closes  the  switch,  and 
the  armature  when  it  rises,  being  attracted  by  the  poles  of  the 
magnet,  opens  it  again  and  allows  the  armature  to  fall.  The 
armature  being  provided  with  pawls,  /,  engaging  with  the  ratchet 
wheel  as  above  mentioned,  by  its  reciprocating  action  causes 
rotation  and  consequently  a  feed  of  the  carbons  from  the 
magazines. 

The  make  and  break  switch,  in  order  to  prevent  the  possibility 
of  dirt  or  of  any  deposit  from  the  arc  affecting  its  reliable  working, 
is  totally  enclosed  in  a  vacuum  within  a  small  glass  tube  provided 
with  platinum  leading-in  wires  at  each  end  for  the  terminals.    One 
end  of  the  tube  is  enlarged  and  contains  a  small  quantity  of 
mercury,  the  tube  itself  being  pivoted  in  the  lamp.     When  the 
tube  is  tilted  by  the  regulating  cradle  the  mercury  runs  from  the 
bulb  along  the  length  of  the  tube,  making  electrical  contact  between 
the  two  terminals,  and  when  the  armature  is  raised  the  reverse  action 
takes  place  and  contact  is  broken.    In  order  to  prevent  a  possible 
breakdown  of  the  insulation   on  the  magnet  winding,  due  to  a 
sudden  and  excessive  rise  of  potential  on  breaking  this  circuit  of 
high  self-induction,  a  sparking  gap  is  provided  as  a  protection. 
The  copper  connecter  fixed  on  and  insulated  with  mica  from  one 
of  the  lower  cheeks  of  the  magnet  in  its  enclosed  portion  serves 
this  object 

The  globe,  reflector  and  ventilating  arrangements  of  the  lamp 
are  shown  in  the  illustration  in  section.  The  porcelain  reflector,  if, 
is  provided  with  a  plate,  w,  which  closely  engages  with  the  top  and 
only  opening  of  the  globe,  w.  The  inside  of  the  globe  is  freely 
connected  with  the  space  above  the  plate  v  by  means  of  the 
central  passage,  x,  in  the  porcelain  reflector  through  which  the 
carbons  project  and  in  which  the  arc  is  struck.  The  upward 
draught  created  by  the  heat  of  the  arc  serves  to  carry  away  from 
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the  globe  through  the  central  passage  into  the  space  _y,  the  vapours 
of  combustion  which  would  otherwise  settle  upon  the  inner  surface 
of  the  globe  and  obscure  the  light  This  ventilation  is  facilitated 
by  allowing  a  small  supply  of  air  to  enter  the  globe  through  holes, 
z,  in  the  reflector  plate. 

A  glass  and  copper  gauze  tray  placed  at  the  bottom  of  the 
globe  catches  the  short  butt  ends  of  the  carbons  which  are  not 
consumed  as  they  are  discharged  from  the  magazines. 

On  continuous  current  circuits  an  adjustable  resistance  is, 
as  usual,  connected  in  series  with  the  lamp  or  lamps  to  steady 
or  regulate  the  current.  On  alternating  circuits  a  choking  coil 
is  used  for  a  similar  purpose. 

In  the  event  of  a  lamp  being  temporarily  extinguished  during 
the  changing  of  a  pair  of  carbons,  or  from  any  other  cause,  a  sub- 
stitutional resistance,  which  is  connected  with  an  automatic  cut  out 
-across  the  lamp  terminals,  is  arranged  to  automatically  take  the 
place  of  the  lamp  during  the  period  of  extinction  in  order  that  the 
other  lamps  in  series  with  it  may  be  kept  burning,  as  well  as  to 
prevent  any  possible  damage  to  the  lamp  due  to  an  excessive  rise 
in  the  voltage  across  its  terminals.  This  apparatus  is  either  fixed 
on  the  top  of  the  lamp  itself  or  in  some  other  convenient  position. 
The  lamp  when  the  magazines  are  fully  equipped  with  carbons 
will  burn  for  a  period  of  from  40  to  50  hours. 
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CHAPTER    XVI 

INCANDESCENT    LAMPS — PHOTOMETRY — DISTRIBUTION 

For  the  lighting  of  the  interiors  of  buildings,  except  in  the  case 
of  certain  large  halls,  railway  stations  and  similar  structures,  arc 
lamps  are  unsuitable.  For  ordinary  rooms  the  light  would  be 
too  powerful,  and  for  rooms  where  the  total  amount  of  light 
;  required  is  sufficiently  large  to  equal  that  of  an  arc  lamp,  there 
i  would  generally  be  an  objection  to  the  concentration  of  the  whole 
of  the  light  at  a  single  point 

•  Fortunately  there  is  a  second  class  of  lamp  which  is  capable 

*  of  meeting  such  requirements.  It  is  the  well-known  incandescent 
s  lamp,  and  consists  generally  of  a  very  thin  strip  or  filament  of  the 
$  purest  obtainable  carbon  wholly  enclosed  in  a  glass  bulb  from 
r  which  the  air  has  been  carefully  exhausted  ;  the  connection 
i  between  the  carbon  and   the   external   conducting  wires  being 

secured  by  short  pieces  of  platinum  wire  fused  through  the  glass. 
The  passage  of  a  sufficiently  strong  current  through  the  filament 
causes  it  to  be  raised  to  a  white  heat,  when  it  is,  of  course,  intensely 
luminous.  It  may  perhaps  be  advisable  to  discuss  briefly  the 
principles  upon  which  such  a  lamp  must  be  constructed  before 
describing  more  fully  the  actual  processes. 

It  was  shown,  when  discussing  the  Cardew  hot-wire  voltmeter, 
that  when  a  current  of  electricity  is  urged  through  a  solid  conductor, 
heat  is  developed,  and  that  the  amount  of  heat  so  developed  is 
proportional  to  the  total  energy  expended  in  the  conductor.  It 
was  also  shown  that  this  energy  is  proportional  to  the  product  of 
two  factors — viz.  the  strength  of  the  current  c,  and  the  difference 
of  potential  e  between  the  extremities  of  the  conductor,  necessary 
to  maintain  that  current — or  the  heat  h  developed  is  proportional 
to  e  c ;  and,  since  by  Ohm's  law  e  =  c  r,  therefore  ec  =  c2r. 
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It  is  manifest  from  these  simple  formulae  that  the  heat  de- 
veloped varies  directly  as  the  resistance,  and  directly  as  the  square 
of  the  current  strength.  If  we  have  two  equal  and  uniform  con 
ductors  a  and  b,  and  maintain  a  potential  difference  at  the  ends 
of  one  of  them,  a,  twice  that  at  the  ends  of  the  other,  b,  the  heating 
effect  in  the  former  will  be  quadrupled ;  for  with  equal  resistances 
the  current  strength  will  also  be  doubled,  and  in  fact  energy  is  being 
expended  four  times  as  fast  in  a  as  compared  with  the  rate  of  expen- 
diture in  b.  If,  however,  while  both  conductors  are  of  the  same 
length  and  sectional  area,  the  specific  resistance  of  b  is  twice  that  of 
a,  and  the  same  potential  difference  is  maintained  in  both  of  them, 
the  resistance  of  b,  being  twice  that  of  a,  will  halve  the  strength  of 
the  current  flowing  through  b.    Hence,  if  in  a,  h  is  proportional  to 

e  c,  or  c3r,  then  in  b,  h  is  proportional  toJcEoraRf     1  =£c*r. 

In  this  case  twice  as  much  heat  is  developed  and  twice  as  much 
energy  is  expended  during  a  given  time  in  a  as  compared  with  a 
Again,  if  the  current  in  b  is  made  equal  to  that  in  a,  by  doubling 
the  potential  difference  in  the  former,  then  in  a,  h  is  proportional 
to  e  c  or  c3r,  and  in  b,  h  is  proportional  to  2E  c  or  2C*r,  so  that 
doubling  the  resistance  and  keeping  the  current  strength  constant 
doubles   the   heat  developed  and   causes  twice  the  amount  of 
energy  to  be  expended.    One  great  lesson  is  here  again  enforced — 
viz.  that  the  amount  of  energy  obtained  in  the  form  of  heat 
can   only  equal   and  never  by  any  possible  means  exceed  the 
amount  of  electrical  energy  expended  or  absorbed  in  the  conver- 
sion. 

The  relation  between  heat  and  temperature  has  already  been 
discussed,  but  we  must  again  refer  to  it  here,  as  it  is  of  the  utmost 
importance.  Let  us  suppose  that,  instead  of  employing  a  con- 
ductor of  increased  specific  resistance,  we  experiment  with  two 
samples  of  the  same  material  and  of  the  same  sectional  area,  but 
that  one  of  them,  b,  is  twice  as  long  as  a  ;  then  the  resistance  of  b 
will  also  be  twice  that  of  a,  and  if  equal  currents  are  urged  through 
these  conductors,  the  heat  developed  in  a  will  be  only  half  that 
developed  in  b  ;  but  as  b  is  twice  the  length  of  a,  and  has  therefore 
twice  as  much  matter  in  it,  the  temperature  of  the  two  conductors 
will  be  equal.     Now  when  a  body  is  made  very  hot  it  becomes 
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luminous,  and  the  luminosity  of  a  body  is  proportional  to  its  tem- 
perature. In  this  experiment,  therefore,  the  temperature  of  a  and 
b  being  equal,  the  luminosity  or  intrinsic  brilliance  will  be  equal, 
although  b  absorbs  twice  as  much  energy  as  a,  because  its  resis- 
tance is  double.  Moreover,  as  b  is  twice  as  long  as  a  it  will  emit 
twice  as  much  light.  Now  if  the  resistance  of  b  is  made  double 
that  of  a  by  halving  its  sectional  area  instead  of  by  doubling  its 
length,  and  equal  currents  be  urged  through  each  as  before,  we 
still  get  twice  as  much  energy  absorbed,  and  therefore  twice  as 
much  heat  developed  in  b  as  in  a.  And  since  the  mass,  or  the 
quantity  of  matter,  in  b  is  now  only  half  that  in  a,  equal  quantities 
of  heat  would  cause  the  temperature  of  b  to  be  twice  that  of  a  ; 
but,  as  twice  the  amount  of  heat  is  developed  in  b,  its  tem- 
perature is  raised  to  four  times  that  of  a.  This  clearly  indicates 
the  direction  in  which  we  should  work  in  order  to  raise  a  conductor 
to  a  very  high  temperature.  Stated  generally,  a  large  amount  01 
energy  must  be  expended  on  a  small  mass  of  matter  ;  therefore  the 
conductor  must  have  a  high  resistance,  and  in  order  to  keep  its  mass 
small  this  high  resistance  must  be  obtained  by  diminishing  its 
sectional  area  rather  than  by  increasing  its  length,  and  further, 
the  material  chosen  should  be  one  which  has  a  high  specific 
resistance. 

Men  were  not  long  in  conceiving  the  idea  of  employing  the 
heating  effect  of  a  current  upon  a  conductor  for  illuminating  pur- 
poses, and  patents  based  upon  this  principle  were  taken  out  sixty 
or  seventy  years  ago.  But  these  early  efforts  were  one  and  all 
of  them  failures  from  a  commercial  point  of  view,  although  some  of 
them  were  almost  identical  with  many  of  those  of  a  comparatively 
recent  date.  It  was  seen  that  a  conductor  of  high  specific  resis- 
tance was  necessary,  and  this  limited  the  number  of  materials  avail- 
able. This  number  was  further  reduced  by  the  fact  that  most  con- 
ductors either  melt  or  volatilise  at  comparatively  low  temperatures 
— before,  in  fact,  the  temperature  of  white  heat  is  attained.  Iron, 
which  is  cheap  and  has  a  high  resistance,  and  which  might  therefore 
be  considered  a  suitable  substance,  unfortunately  melts  at  a  com- 
paratively low  temperature.  It  is  for  this  reason  useless  as  an 
illuminant.  It  also  oxidises  or  combines  with  the  oxygen  of  the 
air  as  its  temperature  rises.     German  silver  is  for  similar  Teasons 
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not  available.     We  were,  until  very  recently,  limited  amur     fa 
metals  to   the  expensive   platinum  or  its  alloys.     Platinum  ■-. 
capable  of  being  raised  to  a  bright  white  heat,  and  can  then  em:: 
light  of  considerable  brilliance.     It  has  also  the   advantage  ■ 
being  practically  inoxidisable.     The  critical  temperature  is,  bo* 
ever,  suddenly  reached  :  that  is  to  say,  above  a  certain  point  a 
slight   increase  of  temperature   suffices  to  produce   liquefacrion 
and  therefore  to  cause  a  rupture  and  so  disconnect   the  circuit. 
It  must  also  be  remem  bered  that  the  resistance  of  raetals  increase; 
materially  with  an  exaltation  of  temperature,  a  fact  which  hasten; 
the  fracture  of  the  wire.     Efforts  have  been   made   to   pram 
this  overheating  by  means  of  automatic  regulators,  which  short- 
circuit  the  lamp  when  the  current  reaches  a  certain  predetermine. 
strength,  and  so  cut  off  the  current  just  at  the  moment  that  there 
is  a  risk  of  breaking  the  wire.    These  are  clever  laboratory  expe- 
dients, but  nothing  more.     The  possibilities  of  tantalum,  wolfram. 
tungsten,  osmium,  and  other  of  the  rarer  metals  had  not  mani- 
fested themselves,  although,  as  we  shall  see  presently,  consider 
progress  is  now  being  made  in  the  production  of  lamps  with  metal 
filaments.    The  fact,  however,  remains  that  if  we  had  been  restricted 
to  metallic  conductors,  electric  lighting  by  incandescence  would 
long  since  have  been  given  up  as  impracticable.     Carbon,  it  will 
be  remembered,  is  a  non-metallic  body,  and  it  is  a  sufficiently 
good  conductor  of  electricily  for  our  purpose,  but  it  has  also  tht 
advantage  that   it  has  a  considerably  higher  specific   resistance 
than  platinum.     A  remarkable  feature  pertaining  to  it  is  that  its 
resistance   decreases   with  an  increase  of  temperature.     It  is  a 
substance  which  cannot   by  any   ordinary   means    be   melted  or 
volatilised,  so  that  in  these  respects  it  is  superior  to  platinum  or 
any  other  of  the  ordinary  metals.     It,  however,  oxidises  readilj 
when  heated  in  an  atmosphere  containing  free  oxygen,  such  in- 
ordinary air.    This  difficulty  was  for  a  long  time  insurmountable. 
although  many  elforts  were  made  to  overcome  it,  such  as  placing 
the  carbon  under  a  glass  receiver,  and  depriving  the  enclosed  air 
of  its  oxygen  by  means  of  a  piece  of  phosphorus,  a  substance 
which  oxidises  readily  at  ordinary  temperatures ;  and  when  all  the 
oxygen  has  thus  been  converted  into  an  oxide  of  phosphorus,  the 
carbon- remains   suspended  in  an  atmosphere  of  the  remarkably 
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inert    gas    nitrogen.      But    such  an    arrangement  as  this  was 
clumsy,  and  in  fact  impracticable.     Even  supposing  it  to  have 
been  otherwise,  the  carbon  then  procurable  was  very  defective. 
Thin   rods   of  graphite   or    gas-retort    carbon,    or    sections    of 
the  artificially  prepared   material,   were  tried  ;  they  could  not, 
however,   be  obtained  of  sufficiently   small   sectional  area  and 
were    too    irregular  in    structure  to    prove    practically    useful. 
Efforts  were  also  made,  and  with  a  better  prospect  of  success, 
to  accomplish  the  object  in  view  by  placing  the  carbon   in  the 
then  best  obtainable  vacuum.     The  vacua  were  for  a  long  time 
far   from   perfect,  and  as  a  consequence   the   durability  of  the 
carbons  was  very  brief;  but  when  it  was  shown  how  it  was  possible 
to  secure  an  all  but  perfect  vacuum,  a  fresh  impetus  was  given  to 
the  idea  of  lighting  by  the  incandescence  of  thin  pencils,  or,  as 
they  were  subsequently  called,  filaments  of  carbon.    Since  then,  the 
real  improvements  that  have  been  made  have  been  in  the  formation 
and  fixing  of  these  filaments,  which  can  now  be  prepared  from 
almost  any  substance  having  a  large  proportion  of  carbon  in  its 
composition.     As  organic  substances  consist  to  a  great  extent  of 
carbon,  and  as  these  substances  can  generally  be  decomposed  some- 
what readily,  it  is  only  natural  that  they  should  form  the  basis 
from  which  the  filaments  are  manufactured.     Carbon   filaments 
were  in  the  early  days  divisible  into  two  classes:  (1)  those  in 
which  the  fibrous  structure  of  the  carbonaceous  body  was  retained, 
and   (2)  those  in  which  the  original  or  organic   structure   was 
altogether  destroyed  during  the  process  of  manufacture,  and  the 
material  rendered  thoroughly  homogeneous.     To  the   first  class 
belonged  the  Edison  filament,  and  to  the  second  class  the  filaments 
of  Swan  and  the  majority  of  other  inventors.     It  is  a  remarkable 
fact  that  Edison  asserted  that  to  give   the  carbon  the  highest 
possible  resistance  and  the  smallest  tendency  to  disintegration  it 
should  retain  its  structural  character.     Swan,  on  the  other  hand, 
maintained  that  the  structure  of  the  material  should  be  entirely 
destroyed,  and  the  carbon  filament  made  as  dense  and  homo- 
geneous as  possible.   Experience  has  shown  that  the  latter  filament 
is  the  better  of  the  two. 

It  might  have  been  gathered  from  what  has  already  been  said 
that  the  chief  desiderata  in  a  good  lamp  are :  (1)  that  the  filament 
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shall  be  sealed  in  an  air-tight  vacuous  glass  vessel  ;  (2)  that  efficient 
means  shall  be  provided  for  connecting  the  filament  with  the  ex- 
ternal circuit ;  (3)  that  the  filament  shall  offer  considerable  resis- 
tance ;  (4)  that  it  shall  have  a  small  mass,  so  that  its  temperature 
shall  be  raised  as  much  as  possible  by  a  given  quantity  of  heat  ; 

(5)  that  it  shall  be  durable  at  high  temperatures  in  a  vacuum  ;  and 

(6)  that  the  lamp  shall  be  capable  of  being  manufactured  at  a  small 
cost,  and  of  any  desired  dimensions  or  resistance.  Jt  is  the  last 
of  these  requirements  which  gives  the  greatest  trouble  in  meeting. 
because  a  slight  variation  either  in  the  thickness  or  sectional  area. 
or  in  the  amount  of  radiating  surface  of  the  filament,  causes  a 
considerable  difference  in  the  luminosity. 

The  Swan  filament  was  originally  made  direct  from  cotton 
thread,  but  it  is  now  formed  by  squirting  a  solution  of  cellulose 
through  a  fine  nozzle  at  high  pressure,  cellulose  being  the  chief 
constituent  of  such  vegetable  substances  as  cotton,  linen,  paper,  &c 
The  first  process  in  the  manufacture  of  a  carbon  filament  consists 
in  the  preparation  of  the  thread.     This  is  accomplished  by  dissolv- 
ing a  high  grade  of  cotton- wool  in  zinc  chloride  or  other  suitable 
solvent.     This  produces  a  kind  of  brownish  gummy  fluid,  which  is 
squirted  as  a  fine  thread  into  alcohol.     The  effect  of  the  alcohol 
is  to  remove  impurities,  to  harden  the  thread  and  allow  it  to  be 
coiled  "at  the  bottom  of  the  vessel  without  any  risk  of  the  con- 
volutions sticking  together.     The  washing  in  alcohol  is  continued 
for  twenty-four  hours  or  thereabouts,  at  the  end  of  which  the  thread 
or,  as  we  may  now  call  it,  the  filament,  has  assumed  a  gelatinous 
appearance,  homogeneous  and  devoid  of  all  structural  formation. 
The  next  process  is  to  remove  the  alcohol.     This  is  done  by  pro- 
longed washing  with  clean  water,  and  the  coils  are  then  dried  by 
being  loosely  wound  on  drums  and  exposed  to  the  air.     During 
the  drying  the  filament  contracts  considerably,  both  in  length  and 
in  diameter,  and  it  is  therefore  necessary  that  the  drum  and  the 
winding  should  be  so  arranged  as  to  avoid  the  risk  of  rupturing  or 
even  of  unduly  straining  the  filament.     It  is  then  subjected  to  the 
process  of  *  carbonising/  or  converting  it  into  a  solid  carbon  fila- 
ment.    It  is  in  this  process  that  the  filament  is  definitely  shaped. 
The  thread  is  first  wound   on  a  former  consisting  of  a  round 
carbon  rod  and  a  rectangular  carbon  block  fixed  parallel  to,  but 
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at  a  short  distance  from,  the  rod.  In  order  to  make  the  loops 
characteristic  of  modern  long  filament  lamps,  the  thread  is  turned 
twice  or  thrice  round  the  carbon  rod  before  being  passed  round 
the  rectangular  block  to  which  the  thread  is  secured,  so  that  the 
ends  of  what  will  ultimately  be  a  number  of  individual  lamp  fila- 
ments can  be  cut  through  and  released.  This  permits  of  further 
contraction  during  the  process  of  carbonising.  A  number  of 
these  formers  is  placed  in  a  crucible  until  the  vessel  is  nearly  full. 
Powdered  charcoal  having  been  shaken  over  the  contents  to  fill 
up  any  spaces  that  may  have  been  left,  the  lid  is  placed  in  posi- 
tion and  an  air-tight  joint  is  made.  The  crucible,  being  thus 
prepared,  is  placed  in  a  suitable  furnace  and  raised  slowly  to  a 
white  heat  The  gradual  increase  of  temperature  is  important 
in  determining  the  shapeliness  of  the  filament.  Too  rapid  an 
increase  in  temperature  might  cause  the  threads  to  sag,  so  that 
the  form  of  the  filaments  would  be  more  or  less  distorted.  As 
the  powdered  charcoal  gets  hot  it  absorbs  any  free  oxygen  that 
may  be  in  the  crucible,  and  thereby  preserves  the  filament  from 
oxidation.  The  high  temperature  is  necessary  to  render  the 
carbon  hard  and  durable,  to  increase  its  conductivity,  and  to 
reduce  its  capacity  for  holding  atmospheric  and  other  gases 
within  its  pores.  This  last- mentioned  feature  is  not  only  interest- 
ing, but  it  is  also  of  considerable  importance.  Most  substances 
are  more  or  less  porous,  and  have  the  power  in  varying  degrees  of 
holding  gaseous  particles  within  those  pores,  a  power  or  property 
known  as  occlusion.  As  the  temperature  of  a  body  rises  these 
gaseous  particles  expand  and  may  force  themselves  through  the 
substance,  frequently  causing  minute  fissures ;  with  some  sub- 
stances, such  as  carbon  in  its  ordinary  form,  this  power  of 
occluding  gases  returns  with  a  resumption  of  the  normal  tempera- 
ture. It  is,  therefore,  imperative  that  the  nature  of  the  filament 
should  be  so  altered  as  to  prevent,  as  far  as  possible,  this  taking 
place.  Hence  the  necessity  for  thorough  carbonisation  at  a  high 
temperature,  and  as  a  result  of  the  process  the  filament  is  reduced 
in  size,  is  definitely  formed  or  shaped,  and  is  converted  into  a 
thin  elastic  carbon,  with  a  black  but  shining  surface. 

This  alteration  in  character  of  the  carbon  is  continued  in 
the  next  process,  which  is  that  of  '  flashing. '     Before  proceeding 

3  a 
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with  this  process,  however,  the  filaments  are  cut  to  about  the 
desired  length,  sufficient  margin  being  allowed  for  making  connec- 
tion with  the  platinum  wires,  which  pass  through  the  bulb  to  the 
external  circuit  The  filament  is  then  suspended  in  an  atmosphere: 
of  some  hydro-carbon,  such  as  benzene  vapour,  and  traversed  by 
currents  sufficiently  strong  to  raise  it  to  a  considerably  higher  tem- 
perature than  was  practicable  during  the  carbonising  process. 
The  effect  is  partially  to  decompose  the  gas,  and  to  cause  a 
deposition  of  carbon  particles  oh  the  surface  of  the  filament,  the 
result  being  that  the  carbon  is  hardened,  the  conductivity  increased, 
and  the  power  of  occlusion  eventually  destroyed.  Should  there 
be  any  weak  spots  in  the  filaments  they  will  be  raised  to  a  higher 
temperature  than  the  rest,  and  a  more  copious  deposition  of 
carbon  will  take  place,  until  uniformity  is  attained. 

Platinum  wires  are  always  employed  in  mounting  the  filaments, 
as  platinum  is  the  only  metal  which  has  a  coefficient  of  expansion 
nearly  equal  to  that  of  glass :  that  is  to  say,  it  expands  or  contracts 
with  variations  of  temperature  at  almost  exactly  the  same  rate  as 
glass,  so  that  it  can  be  fused  into  that  material  without  any  risk  of 
its  subsequently  fracturing  the  glass  on  cooling,  or  retreating  from 
it  to  such  an  extent  as  to  allow  air  to  pass  through.  The 
coefficient  of  expansion  for  white  glass  is  o -0000086,  while  for 
platinum  it  is  0*0000088,  so  that  these  two  substances  agree  very 
closely  in  this  respect  The  coefficient  for  wrought  iron  is 
o  0000122,  or  about  50  per  cent  higher  than  that  for  glass,  while 
for  other  metals  the  disparity  is  still  greater.  Many  efforts  have 
been  made  to  find  a  substitute  for  platinum,  but  they  have  all 
proved  fruitless.  The  anxiety  to  find  a  substitute  arises  from 
the  scarcity  and  consequent  high  price  of  platinum.  This  is  the 
only  objection,  for  in  all  other  respects  it  answers  admirably ;  at 
the  moment  of  writing  it  is  dearer  than  gold.  The  supply  is 
derived  almost  entirely  from  Russia. 

The  connection  between  the  carbon  and  the  platinum  is  made 
by  flattening  o at  the  ends  of  the  wires  into  minute  plates,  which 
are  then  bent  gently  round  the  ends  of  the  filament.  The  joints 
are  perfected  by  immersion  in  a  hydro-carbon  liquid,  such  as 
benzene,  the  filament  being  short-circuited,  and  the  joints  raised 
to  incandescence  by  a  strong  current,  causing  a  decomposition  of 


OHAP.  XVI 


Vacuum  Pumps 


723 


Fig.  342 


the  hydrocarbon,  and  a  deposition  of  the  carbon  upon  the  joints. 
As  a  consequence  good  electrical  connection  between  the  metal 
and  the  carbon  is  obtained. 

The  two  pieces  of  platinum  having  been  fused  into  one  end 
of  the  bulb,  and  the  opposite  end  having  been  drawn  out  to  a  fine 
tube,  the  embryo  lamp  is 
ready  for  the  next  process, 
viz.  that  of  exhausting  the 
bulb  of  its  contained  air  and 
moisture.  This  has  to  be 
performed  carefully,  and  it  is 
here  that  some  of  the  greatest 
difficulties  are  met  with. 

The  vacuum  obtainable  in 
an  ordinary  mechanical  air- 
pump  is,  as  we  have  already 
indicated,  far  from  perfect, 
and  unless  supplemented  by 
other  processes  is  useless  for 
the  purpose.  There  are, 
however,  mercurial  air-pumps 
which  are  so  far  superior  to 
the  mechanical  form  that  they 
can  produce  even  higher 
vacua  than  are  actually  re- 
quired for  lamp- making,  and 
until  recent  years  modifica- 
tions of  the  Geissler  and  more 
particularly  of  the  Sprengel 
pump  were  in  general  use, 
and  even  at  the  present  time 
pumps  of  the  latter  type  are 
in  use  for  special  purposes.  -=£*—--  — 

The  fundamental  principle  of  the  Sprengel  pump  is  illustrated 
in  fig.  342.  It  consists  of  a  stout  glass  tube,  c  d,  39  or  40  inches 
long,  with  a  branch  x  connected  to  the  vessel  (such  as  a  lamp 
bulb),  r,  to  be  exhausted.  A  large  funnel-shaped  reservoir,  a, 
supported  by  a  stand,  is  connected  to  c  d  by  means  of  a  piece  of 
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indiarubber  tubing,  the  size  of  the  channel  through  it  being 
adjustable  by  means  of  a  pinch-cock.  The  lower  end  of  c  d  dips 
below  the  surface  of  the  mercury  in  the  flask  b,  which  is  furnished 
with  a  spout  a  little  higher  than  the  bottom  of  c  d,  in  order  to  allow 
the  mercury  to  pass  out  into  the  reservoir,  h.  The  pinch-cock  b 
so  adjusted  as  only  to  allow  the  mercury  to  pass  down  the  shaft 
a  drop  at  a  time.  Each  drop  constitutes  a  plug  or  piston,  which 
fits  closely  to  the  sides  of  the  glass,  and  in  its  descent  drives 
before  it  any  air  that  may  happen  to  separate  it  from  the  drop 
beneath  it.  The  shaft  c  d  is  to  all  intents  and  purposes  a 
barometer,  so  that  the  drops  of  mercury  accumulate  until  a 
column  is  formed  about  30  inches  high,  the  actual  height 
depending  upon  the  counter-pressure  of  the  outer  air  at  the  time 
being.  Hence  the  distance  which  the  mercury  pistons  ultimately 
fall  is  only  9  or  10  inches.  It  will  be  evident  that  as  the  drops 
fall,  and  tend  to  establish  a  vacuum  above  them,  the  air  in  ft 
expands  and  part  of  it  occupies  this  otherwise  vacuous  space. 
Consequently,  as  each  piston  passes  the  junction  of  xf  the  air  is 
swept  out  little  by  little  until  finally  a  very  good  vacuum  is  obtained 
in  r.  When  the  degree  of  rarefaction  becomes  considerable, 
the  pistons  fall  smartly  upon  the  column  of  mercury  and  give  out 
a  distinct  metallic  ringing  sound.  This  hammering  frequendy 
sets  up  such  strong  vibrations  as  to  fracture  the  glass;  and  it  is 
this  which  limits  the  length  of  the  shaft.  As  the  mercury 
falls  on  the  barometric  column,  an  equal  quantity  is,  of  course, 
driven  out  at  the  lower  end,  carrying  with  it  also  the  bubbles  of 
air  which  separate  the  little  plugs.  The  mercury  collected  in  h  is 
replaced  in  a  as  necessity  arises.  This  process  is  obviously  very 
long  and  tedious,  but  the  exhaustion  can  be  materially  hastened  by 
employing  a  good  mechanical  air-pump  to  exhaust  the  system  as 
far  as  possible  by  mechanical  means,  the  process  being  afterwards 
completed  with  the  mercury  pump.  A  barometer  gauge  can  also 
be  used  to  indicate,  by  the  height  of  its  contained  mercury,  the 
degree  of  exhaustion  obtained.  There  were  many  difficulties  to 
be  overcome  before  the  mercury  pump  could  be  made  into 
a  practicable  factory  tool,  and  these  were  dealt  with  at  some  length 
in  the  earlier  editions  of  this  work.  The  present-day  process 
consists  for  ordinary  lamps  in  the  provision  of  a  sufficiently  good 
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r-        vacuum  by  means  of  a  special  form  of  mechanical  pump  of  what 

5        is  known  as  the  Fleuss  type,  which  can  be  worked  by  power,  and 

:         which  is  therefore  much  cheaper  in  action. 

The  lamp  having  been  sufficiently  exhausted,  the  small  glass 
tube  connecting  the  bulb  to  the  exhaust  tube  is  fused,  drawn  out 

r        to  a  thread,  and  the  lamp  sealed  off. 

Although  it  is,  evidently,  a  comparatively  simple   matter  to 

»         obtain  the  degree  of  exhaustion  necessary  for  incandescent  lamps, 

f  there  are  several  causes  for  a  deterioration  manifesting  itself  in  the 
vacuum  after  the  finished  lamp  has  been  laid  aside  for  a  time, 

;  such  as  the  occlusion  of  gases  by  the  carbon  and  platinum,  and 
by  the  deposit  employed  to  connect  them  together.  A  very  thin 
film  of  air  is  also  liable  to  adhere  to  the  inner  surface  of  the 
bulb.  In  order  to  prevent  these  troubles  it  is  in  some  places  the 
practice  to  raise  the  filament  to  incandescence  during  the  later 
stages  in  the  process  of  exhaustion. 

The  vacuum  is  usually  tested  by  means  of  an  induction  coil ; 
one  method  is  to  fuse  two  platinum  wires  into  a  glass  tube  leading 
to  the  lamp,  and  exhausted  simultaneously  with  it,  and  to  connect 
these  wires  to  the  terminals  of  the  secondary  coil.  The  distance 
between  the  ends  of  the  platinum  wires  inside  the  tube  is  so 
adjusted  that  when  the  required  degree  of  exhaustion  is  attained 
the  spark  passes  through  the  air  outside  the  tube  in  preference 
to  traversing  the  vacuous  space  between  the  platinum  points. 
Another  method,  applicable  to  the  finished  lamp,  is  to  connect 
one  end  of  the  secondary  coil  to  the  filament,  and  the  other  end 
to  a  loop  of  wire  wound  outside  the  bulb,  the  quality  of  the 
vacuum  being  determined  by  the  relative  feebleness  of  the 
discharge  which  takes  place  between  the  filament  and  the 
bulb. 

When  a  lamp  is  badly  or  imperfectly  exhausted  the  filament 
1  burns  ' — that  is  to  say,  it  oxidises — and  it  also  requires  a  greater 
amount  of  heat  to  raise  and  maintain  its  temperature  at  the 
required  point,  owing  to  the  fact  that  the  air  particles  carry  a 
portion  of  the  heat  away  by  convection.  One  effect  of  this 
convection  discharge  is  that  the  bulb  gets  perceptibly  heated, 
sufficiently  so  to  char  flannel  and  suchlike  materials. 

Such  are  the  general  features  pertaining  to  the  construction 
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of   ihe    incandescent   lamp.     There  are    a    number  of  ■ 
which  connection  is  made   between   the    lamp  and  the  ester-  1 
circuit,  involving  a  corresponding  variety  in  the  form  of  the  la;; 
holders. 

Fig.  343  illustrates  the  method  more  generally  employee  fc  I 

connecting  the  filament  to  the  external  circuit. 

The  top  of  the  lamp  is  provided « 
an  insulated  brass  collar  fixed  witi* 
cement  consisting  either  of  piaster  * 
Paris  or  of  a  glassy  material  knmra  » 
vitrite,  the  platinum  wires  attached  k 
the  filament  being  connected  t 
brass  segments  embedded  in  the  ceiues- 
The  collar  has  two  small  pins,  which  "■ 
into  the  'bayonet-joint'  holder  shews 
in  the  figure.  There  are  many  vaneoe 
of  this  type  of  holder,  but  a  sectkm 
diagram  of  one  of  the  best- — thainuk 
by  the  Edison  and  Swan  Company- 
given  in  fig.  344.  A  perspective  vi 
of  the  electrical  portion  of  the  hoMtf 
is  also  given  in  fig.  345.  This  part  b 
mounted  on  a  circular  porcelain  hw 
held  in  the  position  shown  in  fig-  JW 
by  a  series  of  brass  collars.  Two  hole 
are  made  in  the  base,  and  through  each 
hole  a  connecting  wire  is  passed,  a») 
clamped  into  a  small  brass  contact  btod 
by  means  of  a  set-screw.  This  block  i-1 
an  extension  of  a  small  socket,  which 
carries  a  brass  spiral  spring,  the  free  end 
of  which  presses  against  a  brass  plunger 

and  strives  to  keep  it  out  as  far  as  it  will  go,  a  small  flange  on  its 

base  preventing  it  from  being  wholly  ejected.    The  two  plunger 

with  their  sockets,  &c,  are,  as  shown  in  fig.  34JJ 

S-shaped  ridge  of  porcelain  (made  in  on 

which  also  shields  the  plungers  from  the  < 

In  twisting  the  lamp  into  the  holder  the 


d  by  a  link 

•  base),  1 
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contact  with  the  two  plungers,  and  the  lamp  is  thus  thrown  into  circuit 
by  the  mere  act  of  fixing  it  in  the  holder ;  but  as  the  free  ends  of 
the  plungers  are  rounded,  the  contact  between  them  and  the 
brass  segments  in  the  lamp  is  comparatively  small.  This  frequently 
offers  sufficient  resistance  to  develop  an  appreciable  amount  of 
heat  with  a  consequent  loss  of  energy,  and  the  limited  areas  of  the 


various  contact  surfaces  in  this  form  of  holder  render  it  unsuitable 
for  high  candle-power  lamps— that  is  to  say,  for  lamps  taking  a 
heavy  current  It  is,  nevertheless,  the  favourite  type  for  general 
work,  and  it  is  usually  of  much  better  manufacture  and  mechanical 
finish  than  its  competitor,  the  Edison  '  screw '  holder,  which  is 
illustrated  in  fig.  346.  In  this  case  one  end  of  the  lamp  filament 
is  connected  to  the  coarse  screw  thread  stamped  out  of  thin  sheet 
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brass  and  set  in  plaster  or  vitrite,  and  the  other  end  to  an  insulated 
brass  stud  projecting  from  the  bottom  of  the  lamp.     This  affords 
another  means   of  throwing   the   lamp  in  circuit  by  the  act  of 
placing  it  in  its  holder,  which  is  provided  with  a  corresponding 
brass  screw  thread  and  a  small  brass  disc  mounted  on  a  stiff 
insulated  spring,  which  maintains  contact  with  the  stud  on  the 
lamp.     The  screw  thread  and  stud  in  the  holder  are  electrically 
connected  with  a  pair  of  set-screws  fitted  in  the  body  of  the 
holder,  and  to  which  the  external  wires  are  attached     With  good 
workmanship  and  substantial  metal  fittings,  instead  of  the  flimsy 
stampings  usually  employed,  this  should  be  an  efficient  holder. 
In  fig.  347  is  illustrated  (full  size)  the  porcelain  ring  which  serves 
the  double  purpose  of  insulating  the  brass  screw  thread  from  the 
rest  of  the  holder  and  of  helping  to  keep  the  lamp  in  position. 

This     porcelain     ring     frequently 
1G'  347  breaks,  more  especially  under  rough 

usage,  and  short-circuits  have  often 
been  established  in  consequence. 

Lamp-holders  are  sometimes 
provided  with  small  switches  for 
making  and  breaking  the  lamp 
circuit,  the  switch  action  being 
generally  controlled  by  a  tap-handle 
similar  to  those  used  for  gas-burners.  In  the  Edison  holder  or 
socket,  fig.  346,  the  tap  carries  a  cam,  which  works  against  the 
small  brass  plate,  pressing  it  against  the  stud  on  the  bottom  of 
the  lamp.  It  releases  with  a  snap  action.  Socket  switches  are, 
however,  unsatisfactory,  as  they  easily  get  out  of  order,  and  when 
high  voltages  are  employed  there  is  some  risk  of  personal  injury 
due  to  shock.  The  great  defect  is  in  their  mechanical  design, 
and  the  difficulties  in  the  way  are  considerable.  This  will 
perhaps  be  evident  when  the  smallness  of  the  parts  and  the  com- 
paratively high  temperature  to  which  the  holder  is  raised  are 
taken  into  consideration.  Switches  are,  therefore,  more  generally 
independent. 

Incandescent  lamps  can  be  made  to  yield  any  required  degree 
of  illumination,  from  a  fraction  of  a  candle-power  up  to  as 
much   as    1000   or  even   2000  candle-power,  and  as  the  bulb 
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and  filament  can  be  made  in  almost  any  shape,  it  is  only  natural 
that  there  should  be  a  great  variety  of  types  designed  for  cor- 
respondingly varied  purposes.  For  ordinary  lighting  purposes, 
lamps  of  8,  16,  25  or  32  candle-power  are  the  sizes  most  generally 
adopted.  For  lamps  of  higher  candle-power  exceptional  care  has 
to  be  taken  to  ensure  sufficiently  good  electrical  connection 
between  the  lamp  and  its  holder.  The  platinum  wires  passing 
through  the  bulb  usually  terminate  in  stout  wires,  connected 
either  to  somewhat  rigid  lugs  as  illustrated  in  fig.  348,  or,  when  the 
lamp  is  to  be  subjected  to  much  vibration,  in  flexible  tugs  as 
shown  in  fig.  349.  In  large  lamps  such  as  those  of  500  candle- 
power,  there  are  frequently  a  number  of  filaments,  say  five,  each 


of  100  candle-power,  joined  in  parallel.  In  the  event  of  one 
breaking,  the  lamp  is  still  of  service,  and,  although  its  illuminating 
power  is  reduced,  the  electrical  power  absorbed  is  reduced  in  a 
corresponding  degree.  The  lamps  illustrated  in  figs.  343  and  346 
are  intended  for  use  on  low-voltage  circuits,  up  to,  say,  120  volts, 
but  when  higher  voltages  are  used,  comparatively  long  filaments 
have  to  be  employed,  and  in  order  that  the  size  of  the  bulb  shall 
not  be  unduly  increased,  the  extra  length  of  filament  is  provided 
by  making  additional  loops,  but  it  then  becomes  necessary  to 
'anchor'  the  filament  to  a  small  glass  pillar,  as  illustrated  in 
fig.  350,  otherwise  it  would  be  unsafe  to  place  the  lamps  in  a 
fitting  where  the  filament  would  incline  at  an  angle  of  450  or  less 


730  Electrical  Engineering  aur.m 

with  the  horizontal,  because  of  the  tendency  which  would  be 
manifested  by  the  filament  to  bend  over  towards  the  vertka] 
position.  Eventually  the  filament  so  placed  would  come  into 
contact  with  the  glass,  and  break.  This  tendency  is,  of  course, 
a  maximum  where  the  plane  of  the  filament  is  horizontal.  The 
increase  in  the  demand  for  electric  lighting  has  caused  the 
majority  of  central-station  engineers  to  increase  their  pressure 
across  the  mains  feeding  the  lamps  to  200  volts,  and  in  many 
cases  to  the  full  limit  allowed,  viz.  240  volts.  This  increase  in 
voltage  has  the  effect  of  increasing  the  capacity  of  the  mains,  is 
measured  by  the  number  of  lamps  supplied,  but  it  throws  upon 
the  consumer  the  onus  of  providing 
superior  insulation  and  better  fittings. 

The  'life'  of  an  incandescent  lamp, 
or  the  number  of  hours  that  it  can  main- 
tain illumination,  varies  considerably. 
Some  filaments  fracture  in  a  few  hours, 
while  others  will  last  for  years,  and  we 
have  seen  one  which,  after  burning 
steadily  for  at  least  8000  hours,  was  still 
giving  a  good  light.  The  vacuum  for 
some  reason  or  other  deteriorates  more 
or  less  in  the  course  of  time,  while  the 
carbon  filament  gradually  becomes  smaller 
and  smaller  (increasing  correspondingly 
in  resistance),  and  the  glass  bulb  rapidly 
diminishes  in  transparency ;  and  these  art 
points  which  demand  far  greater  attention  than,  for  example. 
the  substitution  of  some  new  material  for  the  platinum  leading-in 
wires.  If  a  comparatively  feeble  current  is  employed,  the 
lamp  will  last  much  longer  than  it  would  with  an  abnormally 
powerful  one.  On  the  other  hand,  the  luminosity  increases 
much  more  rapidly  than  the  current  strength,  so  that  the 
question  really  resolves  itself  into  one  of  comparative  expense. 
It  has  been  laid  down,  and  is  now  generally  accepted,  that  the 
useful  life  of  a  lamp  is  the  number  of  hours  taken  for  its  mean 
horizontal  candle-power  (m.h.c.p.)  to  drop  20  per  cent  from 
its  standard  value  when  run  under  standard  conditions.     Lamps 
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manufactured  by  the  better  makers  are  designed  for  a  useful  life 
of  400  or  800  hours,  the  longer  life — that  is  to  say,  the  saving  in 
the  cost  of  lamps,  being  obtained  as  the  result  of  a  higher  cost  for 
current.  In  other  words,  a  long-life  lamp  is  obtained  at  the 
expense  of  efficiency.  It  will  thus  be  seen  that  the  life  of  a  lamp 
cannot  well  be  separated  from  the  consideration  of  its  efficiency. 

The  efficiency  of  a  lamp  is  generally  described  as  being  pro- 
portional to  the  watts  per  candle-power — that  is  to  say,  to  the 
ratio  of  the  power  absorbed  to  the  light  emitted—  but  it  might 
be  more  correctly  referred  to  as  the  ratio  of  the  light  emitted  to 
the  power  absorbed — that  is  to  say, 

Efficiency  =  candle-power  per  watt  = ^—1 — \ — ; — . 

watts  absorbed 

The  lamps  in  general  use  absorb  when  run  on  a  circuit  of 

specified  voltage  about  3*5  watts  per  candle-power,  so  that  the 

efficiency  would  be  represented  by     ^    =  0*2857,  but  after  it  has 

been  running  for  a  time  there  is  frequently  a  decided  falling  off 
in  the  efficiency,  and  it  is  a  good  lamp  which  absorbs  then  only 

3!  watts  per  candle,  or  which  has  an  efficiency  -- —  =  0*266. 

As  it  has  become  the  general  practice  to  estimate  efficiency  by  the 
power  absorbed  per  candle-power,  no  good  purpose  would  be 
served  by  adopting  the  more  scientific  method,  and  we  cannot  do 
better  than  repeat  that  the  efficiency  of  a  lamp  is  measured  by 
the  number  of  watts  per  candle-power  absorbed  by  the  lamp. 
The  efficiency  of  the  lamp  is  a  most  important  point  in  determin- 
ing the  economy  of  this  method  of  lighting,  for  although  the 
dynamo  losses  may  be  small,  the  losses  in  the  lamp  are  relatively 
very  considerable.  For  example,  it  is  a  poor  dynamo  which  has 
a  lower  efficiency  than  90  per  cent. ;  on  the  other  hand,  the 
efficiency  of  even  a  good  make  of  incandescent  lamp  will  often 
range  from  3  to  4  watts  per  candle-power,  or,  in  other  words,  the 
4-watt  lamps  will  be  33*3  per  cent,  less  efficient  than  the  3-watt 
lamps. 

So  serious  has  this  question  become,  more  particularly  since 
the  controlling  patents  lapsed  and  the  market  became  flooded 
with  very  cheap  and  very  inefficient  lamps,  that  the  Engineering 
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Standards  Committee  has  taken  the  matter  in  hand,  with  a  view 
to  formulating  a  series  of  tests  and  conditions  which,  if  generaOy 
adopted,   will  materially  improve  the  character   of    the   lamps 
supplied.    It  is  recommended  that  for  testing  purposes  5  per  cent 
of  the  lamps  concerned  (with  a  minimum  of  20  lamps;  should  be 
selected  and  the  whole  *  parcel '  or  quantity  accepted  or  rejected 
according  to  the  proportions  which  pass  an  exhaustive  series  of 
tests,  both  mechanical  and  electrical.     One  of  the   tests  is  for 
*  spotted '  or  unequal  filaments,  and  is  made  by  subjecting  it  to 
a  pressure  of  approximately  40  per  cent,  of  its  standard  voltage. 
This  will  suffice  to  show  up  the  weak  places  in  the  filament,  as 
such  places  will  be  appreciably  more  heated  than  the  rest  of  the 
filament.      It   is    also   stipulated  that  the  insulation   resistance 
between  the  cap  and  the  filament  shall  be  not  less  than  1000  fi. 
A  table  of  the  ratings  and  limits  of  lamps  of  various  sizes  and 
voltages  has  been  compiled  by  the  Committee  and  is  very  interest 
ing.     Thus  a  16  candle-power  no-volt  400-hour  lamp  is  defined 
as  one  which  should  have  as  its  standard  rating  a  m.h.cp.  of  16 
with  an  efficiency   of  3*1   watts  per  candle,  or  a  total  of   49-6 
watts,  but  that  the  acceptable  limits  of  individual  lamps  should  be 
14  to  18  candle-power  at  45*6  to  537  watts,  while  the  average 
limits  of  the  lamps  under  tests  should  be  from  147  to  17*3  candle- 
power  at  47*i  to  52*1  watts.     The  watts  per  m.h.cp.  should  be 
between  2*6  and  3*6,  the  corresponding  wattage  for  a  useful  life 
of  800  hours   being  3*0   to    4*0.      Taking  a   16  candle-power 
400-hour  lamp  on  a  220-volt  circuit,  the  standard  rating  is  37 
watts  per  m.h.cp.,  with  a  total  of  59*2  watts.     The  acceptable 
limits  for  individual   lamps  are  14  to   18   candle-power  with  a 
consumption  ranging  from  54*5  to  63*9  watts,  while  the  average 
limits  should  be  from  1475  *°  I7'2S  candle-power  with  a  con- 
sumption ranging  from  56*3  to  62*1  watts.    The  watts  per  m.h.cp. 
should  be  between  3*1  and  4*3,  the  corresponding  efficiency  for 
800-hour  lamps  being  3*5  to  47  watts  per  m.h.cp. 

It  will  be  seen  that  the  limits  if  viewed  on  a  percentage  basis 
allow  a  very  wide  margin,  and  there  is  no  doubt  that  even  on  this 
basis  a  very  large  proportion  of  the  lamps  at  present  supplied 
would  fail  to  comply  with  the  requirements,  and  it  will  be  at  once 
evident  that  the  cheap  lamp  is  commercially  dear. 
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Mr  C.  C.  Paterson,  in  a  paper  read  before  the  Institution  of 
Electrical  Engineers  in  January  1907,  described  a  most  instructive 
series  of  tests,  undertaken  at  the  National  Physical  Laboratory, 
and  a  few  of  the  results  will  doubtless  be  of  interest  to  the 
student.  He  points  out 
that  the  electrical  tests 
specified  by  the  Engineer- 
ing Standards  Committee 
may  be  divided  into  two 
classes,  viz.  (a)  Tests  to 
determine  the  initial  rating 
of  the  lamps  and  their 
uniformity  in  candle-power 
and  efficiency,  and  (b)  tests 
to  determine  the  mainten- 
ance of  the  candle-power 
during  the  life  of  the  lamp. 
In  carrying  out  the  tests 
for  initial  rating,  parcels  of 
lamps  were  obtained  from 
ten  British  makers.  The 
lamps  were  of  the  ordinary 
200- volt  16  candle-power 
type,  and  each  set  or  parcel 
comprised  twelve  lamps. 
The  results  for  these  sets 
of  lamps  are  illustrated  in 
the  '  Target '  diagrams, 
fig-  35 1'  The  lamps  were 
tested  for  m.h.c.p.  and  total 
watts  at  the  voltage  marked 
on  the  lamps,  the  results 
for  each  lamp  being  in- 
dicated by  a  dot.  All  the  dots  which  fall  within  the  six-sided 
figure  in  each  of  the  diagrams  represent  lamps  which  fall  within  the 
limits  of  the  Standards  Committee's  specification  for  3*8  watt 
lamps.  The  oblique  lines  x  y  represent  the  relation  which  should 
subsist  between  candle-power  and  watts  to  comply  with  the  actual 
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standard  of  3-8  watts  per  m.h.c.p.,  while  the  small  circles  c  indi- 
cate the  average  for  the  batch  of  lamps  included  in  each  diagram. 
The  disparities  of  the  results  are  instructive.  In  the  first  batch 
(A)  the  range  of  candle-power  is  considerable  and  the  average 
efficiency  is  high,  pointing  to  a  short  useful  life.  In  the  batch  B 
the  average  efficiency  is  low,  only  one  lamp  being  above  tin 
standard,  but  the  range  is  very  short,  and  an  even  but  expensive 
un  might  be  predicted.  In  the  batch  C  the  lamps  all  fall  within 
the  standard  limits,  but  they  cover  a  fair  range  as  to  both 
candle-power  and  watts,  and  they  have  just  a  shade  over  the 
standard  efficiency.  Taking  the  whole  of  the  lamps  tested  iota 
consideration,  the  m.h.c.p.  ranged  from  ii'o  to  21-5,  while  the 
Fiq  m  efficiency  ranged  from  3-04  to 

5'2i  watts.  A  target  diagram 
of  45  American  lamps  of  zoo 
volts  tested  by  Mr.  F.  C 
Bailey  at  the  New  York  Elec 
trical  Testing  Laboratories 
is  given  in  fig.  352.  The 
uniformity  is  remarkable  and 
is  largely  attributable  to  the 
superiority  of  American  prac 
tice  as  to  supply  voltages  and 
the  enforcement  of  a  rigid 
total  watts  lamp  specification.   Mr.  Pater- 

son  points  out  that  if  the 
American  voltage  limits  had  been  applied  to  the  average  of 
each  batch  of  English  lamps  which  were  included  in  the  tests 
described,  about  45  per  cent,  of  them  would  have  failed  to 
meet  the  requirements,  and  that,  if  an  'average  of  16  initial 
candle-power  had  been  insisted  upon,  only  35  per*  cent,  would 
have  passed  the  test.  The  limits  prescribed  by  the  Standards 
Committee  would  allow  60  per  cent,  to  pass.  The  results  of 
some  further  tests  are  shown  in  fig.  353,  and  refer  to  a  portion 
of  the  series  of  '  life '  tests.  Six  out  of  each  of  the  ten  sets 
of  lamps  which  were  subjected  to  the  initial  rating  tests  were 
selected,  the  lamps  chosen  being  those  which  came  nearest  the 
mean.     The  lamps  were  mounted  on  racks,  and  the  voltage  on 
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each  lamp  was  so  adjusted  that  the  initial  efficiency  was  3*8  watts 
per  M.H.C.P.  and  the  test  was  continued  until  the  luminosity  had 
fallen  to  80  per  cent,  of  the  initial  value.  Fig.  353  shows  the 
results  of  six  of  the  lamps  of  each  of  the  batches  whose  initial 
ratings  are  indicated  in  fig.  351.     The  short  life  of  the  lamps  in 


o 


IU 

-I 
o 

z 

5 


10 


Fig.  3S3 


18 

16 

14 

£ 

100 


200  300 

HOURS  RUN 


100 


500 


batch  A  is  very  noticeable  notwithstanding  the  fact  that  instead  of 
being  run  at  their  normal  voltage,  the  pressure  was  reduced  so  as 
to  let  the  lamps  start  at  3*8  watts  per  candle.  It  will  be  remem- 
bered that  the  lamps  in  batch  B  had  a  low  but  uniform  efficiency. 
They  would  therefore  have  to  be  started  at  more  than  200  volts 
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in  order  to  raise  their  efficiency  to  3*8  candles.  Notwithstanding 
this,  the  lamps  on  the  life  test  gave  a  good  account  of  themselves. 
and  the  uniformity  of  the  six  life  curves  is  remarkable.  Concern- 
ing batch  C  it  may  be  observed  that  the  six  life  curves  are 
symmetrical,  but  not  nearly  so  close  together  as  in  batch  B. 

It  has  been  suggested  that  by  subjecting  the  lamps  selected 
for  testing  purposes  to  a  considerably  higher  voltage,  say  40  per 
cent.,   than   the   normal,   the   much   shorter   time    which    would 
elapse  in  reducing  the  candle-power  to  80  per  cent  of  its  initial 
value  would  be  a  fair  guide  as  to  the  performance  of  the  lamps  at 
the  normal  voltage,  and  would   therefore  enable   a   life    test  of 
correspondingly   shorter    duration    to   be   made.     Unfortunately 
Mr.  Paterson's  trials  have  not  confirmed  this  view,  for  he  finds 
that  after  running  a  number  of  lamps  for  one  hour  at  an  increase 
of  40  per  cent,  in  the  voltage,  the  reduction  in  candle-power  bore 
no  definite  relationship  to  the  percentage  fall  of  other  lamps  taken 
from  the  same   parcels  when   run   at  their   normal    voltage  for 
1000  hours.     In  fact,  not  only  did  one  make  or  parcel  differ  from 
another,  but  individual  lamps  from  the  same  parcel  also  differed 
very  materially. 

A  number  of  lamps  of  various  candle-powers  made  by  the 
British  Thomson-Houston  Company  have  recently  been  tested  at 
the  National  Laboratory,  and,  although  we  cannot  reproduce  all 
the  tests,  it  is  a  very  noticeable  feature  that  they  show  a  wonderful 
uniformity  in  initial  rating  and  in  durability.  Concerning  the 
16-candle-power  lamps,  the  actual  average  m.h.c.p.  and  the 
efficiency  which  was  guaranteed  at  3*9  watts  worked  out  at  3*81. 
Fig.  354  illustrates  the  result  of  the  life  test  on  three  of  the 
16-candle-power  lamps. 

A  series  of  tests  made  independently  by  a  very  large  consumer 
gave  some  very  striking  results,  but  we  will  confine  ourselves  to 
two  of  them,  with  the  object  of  showing  the  difference  in  the 
behaviour  of  good  and  bad  lamps.  Fig.  355  refers  to  a  test  of  six 
8-candle-power  105 -volt  lamps.  Not  only  is  their  behaviour 
uniform,  but  the  efficiency  is  well  maintained.  One  lamp  gave 
out  after  about  770  hours,  and  another  after  nearly  1600  hours' 
run,  but  none  of  them  fell  below  about  80  per  cent  of  their 
nominal  candle-power  during  the    1700   hours  covered  by  the 
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diagram.  It  will  also  be  observed  that  the  reduction  in  efficiency 
was  very  slow.  Now  let  this  diagram  be  compared  with  that 
given  in  fig.  356,  which  represents  the  results  of  the  tests  of  three 
16-candle-power  105-volt  lamps  by  another  maker.  In  the 
1700  hours'  run  the  lamps  had  lost  more  than  50  per  cent,  in 


candle-power,  while  the  efficiency  had  fallen  to  about  half  the 
initial  efficiency. 

The  fall  in  efficiency  generally  observable  is  attributable  to 
the  gradual  disintegration  of  the  filament,  and  this  defect  is  more 
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particularly  noticeable  with  high  efficiency  lamps.  It  should  be 
evident  that  very  fine  filaments  are  less  durable  than  the  more 
substantial  ones,  and  it  is  therefore  undesirable  to  push  the 
incandescence  too  far— that  is  to  say,  to  run  the  lamps  at  a 
high  luminosity.      When    this  is  done  the  saving  i 
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may  be  more  than  counterbalanced  by  the  destruction  of  the 
lamps. 

The  reduced  transparency  of  the  bulb,  which  arises  from  i 
deposit  of  the  disintegrated  carbon  upon  the  inner  surface  of  the 
glass,  increases  with  age,  but  it  will  obviously  vary  inversely  as 
the  area  of  the  inner  surface  of  the  bulb,  for  if  we  double  that 
area,  a  given  number  of  particles  falling  upon  it  will  be  only 
half  as  dense.  The  deposit  on  the  glass  not  only  reduces  the 
transparency  of  the  bulb,  but  it  also  involves  a  reduced  section 
of  the   filament,   the   resistance   of  which   is  thereby  increased 
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Such  an  increase  in  resistance  means  a  feebler  current  and  a 
feebler  state  of  incandescence.  We  thus  see  that  less  light  is 
emitted  by  the  carbon,  and  that  of  this  light  a  larger  proportion 
is  absorbed  by  the  blackened  bulb  than  would  be  the  case  with  a 
clean  one.  The  smaller  current  passing  through  the  filament 
would,  under  ordinary  circumstances,  give  a  proportionally  smaller 
reading  at  the  meter,  but  sometimes  the  current  taken  by  an  old 
lamp  is  actually  larger  than  that  taken  by  a  new  one,  due  pro- 
bably to  a  fine  deposit  of  carbon  near  the  neck  of  the  lamp  ;  this 
deposit  provides  a  second  or  high  resistance  shunt  circuit  for  the 
passage  of  the  current  from  platinum  to  platinum. 
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It  is  a  very  interesting  feature  that  the  deposit  is  not  uniform, 
but  is  usually  of  greater  density  in  the  vicinity  of  the  filament,  as 
though  the   particles   were   repelled  in  straight  lines   from  the 
filament  on  to  the  glass.     It  has  been  observed  that  lamps  made 
with  filaments  which  have  been  carbonised  at  a  comparatively  low 
temperature  blacken  very  readily,  whilst  when  made  with  others 
which  have  been  raised  to  a  very  high  temperature  they  resist  the 
tendency  very  much  more  effectually.     This  is  probably  due  to 
the  fact  that  the   filament   carbonised   at  a  high  temperature  is 
purer  and  more  dense  than  those  which  have  not  been  heated  so 
intensely.     Similar  results  have  also  been  observed  to  occur  in 
lamps  when  low  or  high  temperature  flashing  has  been  employed. 
These  facts  tend  to  prove  that  the  blackening  is  due  to  a  partial 
volatilisation  and  recondensation  of  the  carbon  particles.     Cer- 
tainly   the    temperature    of   the    incandescent    filament — about 
20000  C. — is  much  lower  than  that  already  ascribed  to  the  positive 
carbon  in  the  arc ;  but  this  discrepancy  may  to  some  extent  be 
very  plausibly  accounted  for  by  the  fact  that  in  the  incandescent 
lamp  there  is  practically  no  air  pressure,  and  that  this  absence  of 
pressure  may  lower  the  temperature  of  volatilisation,  just  as  an 
increased  air  pressure  on  the  arc  so  alters  the  condition  of  affairs 
that  a  higher  E.M.F.  becomes  necessary  in  order  to  maintain  the 
arc  consequent  upon  the  increased  temperature  of  volatilisation. 
If  this  be  the  true  explanation  of  the  blackening  phenomenon,  it 
follows  that  the  difference  in  degree  between  the  filaments  pre- 
pared at  low  and  high  temperatures  respectively  must  arise  solely 
from  the  circumstance   that  a  comparatively  loose  condition  of 
the  carbon  is  especially  favourable  to  the  formation  of  carbon 
vapour.     On  the  other  hand,  we  can  conceive  that  the  readiness 
with  which  a  filament  could  be  disintegrated  would  vary  inversely 
as  its  density.     The  film,  by  whatever  process  it  may  be  formed, 
is  apparently  pure  carbon,  as  it  is  a  sufficiently  good  conductor 
to  take   a  continuous   coating   of   copper  when   placed   in  an 
electrolytic  bath. 

If  the  blackening  of  the  bulb  were  due  to  the  simple  breaking 
away  of  the  carbon  particles,  then  we  might  imagine  that  the 
durability  of  the  lamp  would  be  materially  less  on  an  alternating 
than  on  a  direct-current  circuit,  because  of  the  constantly  varying 
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conditions  to  which  the  filament  would  be  subjected,  but  the  tests 
which  have  been  made  tend  to  show  that  a  lamp  on  an  alternating 
circuit  is  as  efficient  and  durable  as  when  placed  on  a  direct- 
current  circuit. 

To  show  the  effect  of  the  carbon  film,  an  experiment  is  re- 
corded in  which  an  old  filament  was  removed  from  its  bulb  and 
transferred  to  a  new  one,  when  the  light  emitted  and  measured 
under  similar  conditions  showed  an  increase  of  15  per  cent.  In 
this  case,  however,  the  degree  of  exhaustion  may  have  been, 
and  probably  was,  different,  and  it  is  difficult  to  guarantee 
absolutely  uniform  transparency  in  a  number  of  bulbs,  so  that 
the  importance  of  a  test  of  this  kind  might  easily  be  over- 
estimated. 

Reference  was  made  in  the  early  pages  of  this  chapter  to  the 
use  of  metal  filaments  for  incandescent  lamps,  and    it    will   be 
remembered  that  the  chief  difficulty  was  the  comparatively  low 
fusing  point  of  platinum,  the  most  obdurate  of  the  metals  obtain- 
able in  a  practical  form  until  within  the  last  few  years.     Latterly, 
however,  quite  a  number  of  the  lesser  known  metals  have  been 
obtained  in  sufficient  quantity  to  justify  further  experiments,  and 
these  have  demonstrated  that  the  requisite  temperature  can  be 
maintained   without   melting   or  disintegrating,  and   that  in   the 
vacuum  which  can  be  provided,  the  metal  is  not  consumed  by 
chemical  combination.     The  great  difficulties  arise  from  (a)  the 
relatively  high  conductivity  of  the  metals  as  compared  with  carbon, 
and   (b)   the   problem   of    manufacturing   the  wire   or   filament. 
The  second  difficulty  is  one  which  we  can  hardly  enlarge  upon 
here,  but  in  regard  to  the  first  it  may  be  pointed  out  that  the 
high  conductivity,  or,  shall  we  say,  the  relatively  low  resistance,  of 
the   metal   involves   the  use   of  an   exceptionally   fine   filament, 
although   even  then    the    length    exceeds  considerably   that   of 
a   corresponding  carbon  filament.     As  a  matter  of  fact,  metal- 
filament  lamps,  of  which  there  are  now  several  kinds,  cannot  on 
this  account  be   made   for  circuits  of  more  than  125  volts   or 
thereabouts,  and  even  then  the  filament  has  to  be  something  like 
2  feet  in  length.     In  consequence  of  the  relatively  large  radiating 
surface  thus  provided,  the  luminosity  of  the  lamp  is  considerably 
higher  than  with  a  corresponding  carbon  filament.     Thus  at  the 
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time  of  writing  the  smallest  metal- filament  lamp  yields  a  light  of 
about  25  candle-power,  although  with  a  little  more  research  and 
careful  manufacture  there  is  reason  to  suppose  that  smaller  lamps, 
or  rather  lamps  with  smaller  or  shorter  filaments,  will  be  brought 
within  the  range  of  practicability.  An  important  advantage  is 
derived  from  the  greater  proportional  surface  area  and  from  the 
fact  that  that  surface  is  smooth  and  bright,  viz.  that  the  proportion 
of  the  energy  expended  upon  the  lamp  which  is  radiated  in  the 
form  of  luminous  rays  is  greater  with  the  metal  than  with  the 
carbon  filament.  As  a  result  the  metal- filament  lamp  is  capable 
of  running  commercially  at  an  efficiency  of  2  watts  or  less  per 
candle-power  as  compared  with  3-5  to  4  watts  for  carbon-filament 
lamps.  Some  manufacturers  even  go  so  far  as  to  claim  an 
efficiency  of  1  watt  per  candle-power.  The  metals  which  so  far 
have  proved  most  satisfactory  are  osmium,  tantalum,  and 
tungsten.  Dr.  W.  von  Bolton,  in  a  paper  read  before  the 
Elektrotechnischer  Verein  of  Berlin,  details  some  very  interesting 
experiments  with  metals  such  as  vanadium,  niobium,  and  tan- 
talum, and  the  most  promising  for  the  object  in  view  was  tantalum. 
It  will  doubtless  be  readily  imagined  that  so  long  as  a  particular 
substance  remains  exceedingly  rare,  and  extremely  difficult  Jto 
produce  in  a  state  of  actual  purity,  its  attributes  are  but  imperfectly 
known,  and  this  has  proved  to  be  the  case  with  tantalum  and 
other  similar  metals ;  but  in  consequence  of  the  urgency  of  the 
problem  involved  in  finding  a  better  material  than  carbon,  the 
real  properties  of  the  rarer  metals  have  been  minutely  investigated 
and  have  shown  themselves  in  very  different  colours  from  those 
previously  assigned.  Dr.  von  Bolton  observes  that  tantalum 
when  cold  is  assailable  by  hydrofluoric  acid  only,  and  describes 
many  other  features  in  connection  with  its  chemical  properties. 
It  is  a  metal  which  can  be  rolled  or  drawn,  and  it  has,  prior  to 
the  passage  of  a  lighting  current  through  it,  a  tensile  strength  which 
is  something  like  18  per  cent,  higher  than  that  of  mild  steel.  It  has 
a  coefficient  of  expansion  between  o°  C.  and  6o°  C.  of  0*0000079, 
and  fusion  is  preceded  by  a  gradual  softening,  which  extends  over 
a  very  considerable  range  of  temperature.  Its  specific  resistance 
has  been  estimated  on  different  occasions,  but  with  various  results, 
due  possibly  to  the  gradually  increasing  purity  of  the  samples  under 
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test.  The  most  recent  result  is  0165  for  a  wire  1  metre  long  and 
1  square  millimetre  cross-section.  When  placed  in  a  lamp  and 
run  at  an  efficiency  of  1*5  watt  per  candle  the  resistance  of  such  2 
wire  rises  to  about  083  ohm. 

It  is  a  noteworthy  feature  that  while  metal-filament  lamps  are 
in  some  cases,  more  particularly  with  the  higher  candle-power 
filaments,  run  satisfactorily  on  alternating  current  circuits,  their 
general  use  for  such  purposes  cannot  be  recommended,  owing 
probably  to  their  inability  under  such  conditions  to  withstand  the 
F|o  mechanical  strains  to  which  they  would 

_  be  subjected. 

-1     lfl-  Fig.  357  illustrates  the  present  form 

of  tantalum  lamp,  designed  for  a  pressure 
of  no  volts  and  with  an  illuminating 
value  of  25  Hefner  candle-power.  (The 
Hefner  is  the  German  standard  of  light, 
and  is  referred  to  later  in  this  chapter.) 
The  efficiency  is  said  to  be  1*5 — that  is 
to  say,  it  consumes  15  watt  per  Hefner 
candle-power.  The  weight  of  the  filament 
J  is  0-022  gramme,  its  length  is  650  milli- 
metres, and  its  diameter  is  0-05  milli- 
metre. In  order  to  suitably  dispose  or 
arrange  so  long  a  filament  in  a  bulb  of 
about  the  same  dimensions  as  a  corre- 
sponding carbon- filament  lamp,  the  lamp 
contains  a  short  pillar  of  glass,  at  each 
und  of  which  is  a  small  disc,  into  which  are  cast  or  moulded 
a  number  of  small  copper  wires  bent  outwards  like  the  ribs 
of  an  umbrella.  The  wires  are  all  insulated  from  one  another. 
The  lower  disc  carries  1.1  of  these  wire  arms,  and  the  upper 
disc  12.  The  ends  of  the  arms  are  bent  into  small  hooks, 
and  the  tantalum  wire  is  threaded  over  them,  the  additional  arm 
on  the  upper  disc  being  provided  to  support  the  end  of  the  wire, 
the  two  extremities  of  which  are  continued  by  short  lengths  of 
platinum  to  the  glass  stem  connecting  the  pillar  above  referred  to 
to  the  neck  of  the  lamp.  As  most  lighting  circuits  are  provided 
with  a  pressure  exceeding  200  volts,  two  tantalum  lamps  must  in 
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such  cases  be  joined  in  series.  This  can  be  done  by  procuring 
a  two- light  ball  fitting  or  something  similar,  and  connecting  it  to 
an  '  adapter/  by  means  of  which  the  two  lamps  can  be  supported 
in  ah  ordinary  holder  (fig.  344)  provided  for,  say,  a  16-candle- 
power  carbon  lamp;  or  the  installation  may  be  specially  wired 
for  running  two  lamps  in  series.  The  light  emitted  is  much 
whiter  than  that  usually  associated  with  carbon  lamps,  and  is  very 
effective,  but  if  the  lamp  is  placed  in  any  other  than  a  vertical 
plane  it  will  be  noticed  that  the  current  causes  the  filament  to 
elongate  sufficiently  to  make  a  perceptible  sag  in  the  wire. 
Sometimes  the  filament  will  break  under  vibration,  and  if  the 
broken  end  falls  across  another  length,  the  passage  of  the  current 
will  fuse  the  two  together.  The  shortened  circuit  through  the 
lamp  results,  of  course,  in  the  passage  of  a  heavier  current  accom- 
panied by  a  higher  efficiency,  which  involves  a  correspondingly 
shortened  life.  ^ 

In  common  with  all  other  pure  metals  there  is  an  appreciable 
increase  in  resistance  as  the  temperature  of  the  filament  rises,  and, 
as  a  consequence,  a  lamp  which  is  overrun,  or  to  which  an 
excessive  voltage  is  applied,  does  not  suffer  such  a  large  increase 
in  the  strength  of  the  current  as  is  the  case  with  carbon- filament 
lamps.  In  other  words,  an  increase  in  voltage  means  an  increase 
in  resistance,  and  a  correspondingly  smaller  increase  in  the  current ; 
and,  vice  versa,  a  fall  in  voltage  is  accompanied  by  a  fall  in 
resistance  and  a  correspondingly  smaller  fall  in  the  current,  so 
that  a  metal-filament  lamp  gives  on  an  ordinary  lighting  circuit, 
where  a  small  variation  of  the  voltage  up  or  down  is  usually 
permitted,  a  more  uniform  illumination  than  does  a  carbon- 
filament  lamp. 

A  number  of  tantalum  lamps  have  been  subjected  to  an 
exhaustive  series  of  trials  at  the  National  Physical  Laboratory  and 
with  very  interesting  and  instructive  results.  Fig.  358  illustrates 
the  results  of  an  efficiency  test  of  one  of  the  lamps.  The  tests 
were  prolonged  for  1300  hours,  during  which  the  candle-power, 
starting  at  27,  rose  rapidly  to  nearly  28  at  the  end  of  about 
50  hours'  run  (the  maximum  is  usually  reached  after  25  hours'  run, 
the  initial  increase  being  ascribed  to  a  change  in  the  physical 
structure  of  the  filament).     The  illumination  then  began  to  fall, 
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and  at  the  end  of  400  hours'  run  had  fallen  to  about  20  candle- 
power — that  is  to  say,  to  about  80  per  cent  of  its  standard 
(25  candle-power)  rating.  But  even  then  its  efficiency  was  only  21 
watts  per  candle — that  is  to  say,  the  current  would  cost  about  one 
half  as  much  as  a  carbon  lamp  for  a  similar  illumination.  At  the 
end  of  its  1 300  hours'  run  it  was  still  more  efficient  than  a  really 
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good  carbon  lamp  at  the  beginning  of  its  ( life.'  Fig.  359  is  also 
instructive.  It  represents  the  average  conditions  of  a  number  of 
lamps  which  were  subjected  to  a  test  of  1000  hours'  run.  In  this 
figure  the  candle-powers  are  plotted  vertically,  and  the  watts  per 
candle  horizontally.  The  candle-power  and  efficiency  of  each 
lamp  (measured  after  a  20  hours'  run)  may  therefore  be  plotted  in 
^ionrram  an(j  represented  by  a  dot  somewhere  in  the  figure. 
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The  rectangle  near  the  upper  left-hand  corner  of  the  diagram 
represents  certain  limits  of  candle-power  and  efficiency,  viz.  between 
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+  or  —  10   per  cent,   in  candle-power  and  +  or  —  6  per  cent. 
in  watts  per  candle,  so  that  all  lamps  which  fall  within  these  limits 
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will  be  represented  by  corresponding  dots  within  the  rectaogfc 
These  are  the  positions  when  both  candle-power  and  effirienc; 
are  about  a  maximum,  and  the  centre  of  gravity  of  all  these 
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3  positions  is  taken   as   the   datum    point   of  the    diagram.     The 

1  rectangle  near  the  lower  right-hand  corner  embraces  dots  repre- 

r  senting  the  lamps  which  at  the  end  of  1000  hours  fell  within  the 

above  limits  of  the  average,  the  circle  indicating  the  average  for 

all  the  lamps  which  were  still  burning  at  the  end  of  the  run. 


Figs.  360  and  361  illustrate  in  a  very  telling  r 
illuminating  power  of  the  lamps  in  planes  respectively  at  right 
angles  and  parallel  with  the  axis  of  the  lamp.  The  uniformity  of 
the  illumination  is  very  noticeable  and  to  some  extent  arises  from 
the  fact  that  the  filament  is  essentially  a  '  tube '  instead  of  a 
simple  loop,  so  that  the  unusual  length  of  the  filament  is  not 
altogether  devoid  of  advantages.  The  tests  were  taken  after  the 
lamps  had  been  running  for  about  no  hours  in  order  to  allow 
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the  lamps  to  have  attained  a  more  constant    value  than  irrs 
earlier  portion  of  the  run. 

These  results  (for  which  we  are  indebted  to  Messrs.  Sicmeas 
speak  well  for  the  prospects  of  metal-filament  lamps,  but  die  fcss 
above  referred  to  were  taken  in  1905  and  already  there  hare  tea 
chronicled  several  improvements,  so  that  in  the  near  future  thes- 
is every  prospect  that  further  advances  will  be  made,  and  t_t 
metal-filament  lamp  be  recognised  as  the  electrical  engineer? 
response  to  the  latest  form  of  the  incandescent-gas  mantle. 

The  Nernst  lamp,  named  after  its  inventor,  constitutes  a  chs 
by  itself.  It  is  a  lamp  of  which  much  was  expected,  but  has  mc 
been  adopted  so  freely  as  was  anticipated.  It  consists  essential/ 
of  a  short  and  comparatively  thick  rod  composed  mainly  v 
zirconium  oxide.  All  oxides,  it  may  be  remembered,  are  insulate:* 
at  ordinary  temperatures,  but  fall  in  resistance  as  the  temperatnit 
rises.  The  rod  is  therefore  raised  by  external  means  to  a  fairh 
high  temperature,  until,  in  fact,  it  attains  such  a  temperature  th* 
its  resistance  is  sufficiently  reduced  to  enable  it  to  transmit  the 
required  current. 

Owing  to  the  fact  that  the  illuminating  rod  does  not  sufftf 
combustion  in  contact  with  the  air,  the  lamp  has  the  advantage 
that  it  does  not  require  a  vacuum,  and  consequently  when  from  ar/» 
cause  one  part  of  the  lamp  is  injured  or  destroyed,  that  part 
can  be  renewed  without  necessarily  sacrificing  the  remainder. 

Fig.  362  illustrates  one  of  the  several  types  of  Nernst  lamp. 
The  spiral  which  can  be  seen  inside  the  globe  consists  of  a  | 
platinum  wire  coiled  on  to  a  small  rod  of  porcelain  or  other  suit- 
able material,  and  then  covered  with  a  small  quantity  of  the  same 
material.  This  spiral  envelops  the  illuminating  rod.  In  the  cap 
of  the  lamp  is  a  small  electro-magnet,  with  a  flexible  or  hinged 
armature.  There  are  two  circuits  through  the  lamp.  Starting 
from  the  positive  terminal  the  path  of  one  of  these  circuits  is 
along  the  armature  to  a  contact  stud,  and  thence  to  the  heating 
spiral  and  away  to  the  negative  terminal.  The  other  path  or 
circuit  is  from  the  positive  terminal  to  the  magnetising  coil  of  the 
electro-magnet,  and  thence  through  a  resistance  coil  of  iron  wire, 
also  contained  in  the  cap,  to  the  illuminating  rod.  When  the 
current  is  switched  on,  the  resistance  of  the  rod  is  too  great  to 
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allow  any  current  to  pass  through  its  circuit,  and  the  electro- 
magnet is  therefore  unaffected  ;  the  circuit  through  the  platinum 
wire  is,  however,  complete,  and  the  current  passing  through  the 
wire  makes  it  red  hot  and  thereby  heats  the  illuminating  rod.  As 
the  temperature  of  the  rod  rises,  and  its  resistance  falls,  the  current 
through  the  magnetising  coil  rises  until  the  core  is  sufficiently 
magnetised   to   enable   it   to  Vr  ^ 

attract  the  armature  and  break 
the  circuit  through  the  plati- 
num wire.  The  whole  current 
then  passes  through  the  rod, 
and  its  resistance  falls  so 
rapidly  that  an  excessive  cur- 
rent would  in  the  absence  of 
the  iron-wire  resistance  soon 
be  permitted  to  pass.  The 
iron  resistance,  however,  rises 
rapidly  in  temperature,  and 
consequently  in  resistance, 
and  this  rise  in  resistance  is 
adjusted  so  as  to  compensate 
for  the  fall  in  the  rod,  and  the 
current  is  thereby  kept  within 
the  desired  limits.  It  is  an 
interesting  feature  that  the 
iron  resistance  is  confined  in 
an  atmosphere  of  nitrogen,  in 
order  to  prevent  the  rapid 
oxidation  which  would  ensue 
were  ordinary  air  in  its 
vicinity. 

Limps  are  constructed  for  pressures  ranging  from  100  to  260 
volts,  but  are  more  satisfactory  at  the  higher  voltages.  The 
luminosity  ranges  from  14  to  850  candle-power,  and  the  efficiency 
is  very  high,  viz.  about  1  '5  watt  per  candle-power. 

For  some  of  the  lamps  an  efficiency  of  09  watt  per  candle- 
power  is  claimed.  The  light  when  the  lamp  has  attained  its 
normal  temperature,  which  it  does  in  a  remarkably  short  space 
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of  time,  is  steady,  and  owing  in  some  degree  to  the  density  rfr> 
globe  the  illumination  is  agreeably  diffused. 

There  is  another  type  of  lamp  which  has  of  late  years  sbo*: 
some  development,  but  which  it  is  somewhat  difficult  to  dass£ 
It  consists  of  a  glass  tube  containing  a  very  small  amoont  a 
mercury  vapour  through  which  the  current  passes.  It  is  kncnrr 
as  the  Cooper- Hewitt  mercury  vapour  lamp,  and  its  constrnctkr 
is  illustrated  in  fig.  363.  a  b  is  a  sealed  glass  tube  about  one  inri 
in  diameter  with  an  enlarged  bulb,  b,  at  one  end  containing  - 
quantity  of  mercury  which  is  connected,  by  means  of  a  planner 
wire  fused  through  the  glass,  with  the  negative  pole  of  the  generate. 
the  positive  pole  being  connected  by  means  of  another  piece  of 
platinum  wire  fused  through  the  end  a  and  terminated  in  a  cz\» 
shaped  sheet-iron  electrode.     The  glass  tube  is  exhausted  o(  it. 

Fig.  363 


so  that  except  for  the  mercury  a  good  vacuum  is  obtained 
Connected  to  the  negative  end  is  a  resistance  coil,  the  function 
of  which  is  to  prevent  an  excessive  current  passing  through  the 
tube.  When  the  lamp  is  in  the  position  shown  there  is  practically 
no  vapour  in  the  tube,  and  the  resistance  between  the  two  ends 
a  and  b  is  therefore  far  and  away  too  high  for  any  current  to  flow. 
In  order  to  start  the  current  the  tube  has  to  be  gently  tilted  until 
a  fine  thread  of  mercury  passes  from  b  to  a.  This  permits  a 
current  to  flow  which  volatilises  a  small  portion  of  the  mercury, 
so  that  when  the  tube  is  returned  to  the  horizontal  or  thereabouts 
there  is  sufficient  mercury  vapour  to  permit  the  continuance  of  a 
current  under  ordinary  voltages.  The  mercury  vapour  then  becomes 
incandescent,  and  a  soft,  steady,  and  not  very  disagreeable  light 
results,  although  there  is  a  total  absence  of  red  rays  and  a  great 
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predominance  of  green.     Owing  to  the  length  of  the  tube,  which 
ranges  from  a  little  over  two  feet  to  about  four  and  a  half  feet,  the 
light  is  not  dazzling,  but  is  well  diffused.     The  normal  current  is  3^5 
amperes,  the  difference  in  length  being  dependent  upon  the  voltage, 
the  maximum  pressure  being  about  120  volts.     For  circuits  of 
higher  voltage  two  or  more  lamps  are  placed  in  series,  with  automatic 
regulators  and  shunts  for  each  lamp,  so  that  the  failure  of  one 
lamp    should   not  prejudice  any 
other    in   series   with    it.       The 
efficiency  is  said  to  be  as  low 
as    0-5    watt    per   candle-power. 
When   the    current    is    switched 
off  the  mercury  re-liquefies  and 
returns  to  the  reservoir  or  '  con- 
densing chamber.'    Of  course  the 
tube  is  supported  by  a  rod  and 
other  gear,  as  indicated  in  fig.  363, 
so  that  it  may  be  suitably  sus- 
pended from  a  ceiling.      In  the 
simpler   types   a   light    chain  or 
cord  is  provided  for  tilting  and 
restoring  the  tube.     In  the  auto- 
matic type  the  current  does  the 
tilting  by  means  of  a  solenoid 
which  acts  on  a  soft-iron  plunger 
linked  to  the  lamp-holder.     With 
a  lamp  of  the   type   shown   in 
fig.   363   the    resistance    coil   is 
separate   and    is    fixed    in    any 
convenient  position,  but  with  lamps  designed  for  series  working 
the  resistance  is  contained  in  what  may  be  called  the  lamp-holder. 
Fig.  J64   shows  a  cross-section  of  this  holder.     It  contains  a 
laminated  iron  core,  1,  over  which  is  wound  an  inductance  coil,  ic. 
p  is  a  porcelain  cylinder,  over  which  is  wound  the  resistance  coil, 
B.    The  amount  of  the  resistance  in  circuit  is  adjustable  by 
means  of  the  sliding  contact,  rs.     The  contact  is  carried  on  a 
strip  which  can  be  fixed  in  position  by  means  of  the  screw  s.    At 
the  bottom  of  the  holder  is  a  carbon  shunt,  consisting  of  two 
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blocks  of  carbon,  of  which  one  block,  c,  is  fixed,  the  other,  d. 
being  movable,  and  controlled  by  a  hinged  lever,  l.  This  krc 
also  carries  a  soft-iron  armature,  a,  which  is  controlled  by  the 
core  i.  s1  s1  are  screws  by  means  of  which  the  carbon  sbur 
can  be  exposed  for  inspection,  while  h  is  the  collar  into  whkli 
the  lower  portion  of  the  lamp,  that  is  to  say,  the  rod  and  tube 
can  be  fixed 

The  particular  portion  of  the  surface  of  the  mercury  at  whkb 
the  current  enters  is  called  the  disintegrating  point,  but  this  poinr 
travels  to  and  fro  over  the  surface  of  the  mercury.  It  is  at  * 
high  temperature,  and  it  is  therefore  necessary  that  the  mercorr 
should  cover  the  end  of  the  platinum  leading-in  wire,  otherwise 
the  air  occluded  in  the  platinum  will  be  driven  out  under  the  his*1 
temperature  and  impair  the  vacuum  which  is  essential  to  the 
proper  working  of  the  lamp.  The  resistance  coil,  r,  acts  very 
much  in  the  same  way  as  the  steadying  resistance  provided  with 
an  arc  lamp  and  enables  the  current  to  be  adjusted  to  the  require! 
value.  The  function  of  the  inductive  resistance,  i.e.  the  inductance: 
coil  ic,  is  to  assist  in  maintaining  a  uniform  current  by  setting 
up  variations  in  opposition  to  those  due  to  the  variations  of  the 
resistance  of  the  disintegrating  point  on  the  surface  of  the 
mercury. 

It  is  important  that  the  current  should  not  fall  below  35 
amperes  nor  rise  above  3*8,  and  that  it  should  pass  through  the 
tube  in  the  proper  direction,  otherwise  a  portion  near  the  positnt 
end  will  be  dark,  and  the  light  will  flicker  badly,  the  lamp  being 
ultimately  *  burnt  out.'  In  this  eventuality  the  tube  will  be 
blackened  like  an  old  carbon-filament  lamp,  and  will  also  be 
spotted  with  mercury. 

Another  very  interesting  type  of  lamp,  known  as  the  Moore 
vacuum  tube,  is  illustrated  in  fig.  365.  It  is  a  development  of  the 
well-known  Geissler  vacuum  tube,  and,  like  the  mercury  vapour 
lamp,  there  is  some  doubt  as  to  whether  it  should  be  classed  as 
an  arc  or  an  incandescent  lamp.  Essentially,  it  consists  of  a  long 
tube  containing  a  rarefied  gas  through  which  a  high-voltage 
discharge  is  maintained,  so  that  the  illumination  results  from  the 
rapid  vibration  imparted  to  the  gaseous  particles  in  the  tube. 
'Tri  those  who  have  the  opportunity,  the   'lamp'  may  be  seen 
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Fig  365 


illuminating  the  courtyard  in  front  of  the  Savoy  Hotel  in  London, 
but  it  is  understood  that  there  are  several  similar  installations  in 
the   United  States,     e  f  represent  the  ends  of  the  sealed  glass 
tube  which  extends  round  the  room  or  other  place  to  be  lighted, 
and   may  be  as  much  as  200  feet  in  length,  its  diameter  being 
about  175  inch.     It  is  supported  at  suitable  intervals  by  brass 
rings,  and  is  supplied  with  gas  according  to  the  colour  of  the  light 
required,  air,  for  example,  giving  a  pink   light,  and   nitrogen  a 
yellow  illumination.     Naturally,  a   high    potential   discharge   is 
required,  and   this,  amounting  to   from   about  2000   to  12,000 
volts,  is  obtained  by  means  of  a  transformer,  the  primary  coil  (c) 
of  which  is  supplied  with  an 
alternating  current  at  ordinary 
pressures,  say  220  volts,  by  way 
of  the  leads  a  b.   The  terminals 
of  the  secondary  coil,  d,  are   ^ 
joined  direct  to  the  ends  of 
the   tube  e  f,  the  electrodes  "5 — > 
inside  the  tube  being  of  car- 
bon.    The  service  supply  is 
carried     through    the     usual 
switch  and  fuses  to  the  trans- 
former, and  the  whole  of  the 
high-voltage  apparatus,  except 
the  illuminating  tube  itself,  is 
confined  in  a  steel  box.     The 

remarkable  feature  is  that  the  contained  gas  diminishes  in  quantity 
as  the  life  of  the  'lamp'  progresses,  and  this  diminution  is  accom- 
panied by  the  deposition  of  minute  quantities  of  dust  as  though 
the  gas  gradually  solidified  under  the  influence  of  the  discharge, 
whence  the  resistance  of  the  remaining  gas  rises,  and  the  current 
consequently  falls.  Whether  that  be  the  true  explanation  or  not 
it  is  found  necessary  to  supplement  the  quantity  of  gas  from  time 
to  time,  and  the  feature  of  the  Moore  system  is  the  means  for 
automatically  accomplishing  this  object.  A  feeder  tube,  g,  is  fused 
into  one  side,  f,  of  the  illuminating  tube.  The  free  end  of  the 
tube  g  is  contracted  and  enters  a  carbon  plug,  h,  which,  while  it  is 
impervious   to   mercury,  will  allow  gases  to   be  drawn  through 
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owing  to  the  high  vacuum  of  the  lighting  tube.  This  cart*: 
plug  is  normally  covered  with  a  thin  layer  of  mercury.  Par  . 
immersed  in  the  mercury  and  concentric  with  the  carbon  plu^;  15 
another  smaller  and  movable  glass  tube,  the  upper  end  of  whicfc 
is  fitted  with  soft-iron  wire  which  acts  as  the  core  of  a  snuZ 
solenoid,  k,  connected  in  series  with  the  primary  coil,  c,  of  thr 
transformer.  The  action  of  the  solenoid  is  to  lift  the  concentre 
glass  tube  partly  out  of  the  mercury,  the  surface  of  which  tA\± 
and  thereby  causes  a  minute  conical  tip  on  the  carbon  pliu:  t: 
be  exposed,  and  allows  an  extremely  small  quantity  of  air  or  oibcr 
gas  to  filter  through  it  and  find  its  way  through  g  into  the  tubt 
f.  In  normal  conditions  the  carbon  tip  is  exposed  for  about  or* 
second  every  minute. 

The  student  will,  perhaps,  remember  that  the  current  through 
the  primary  coil  of  a  transformer  varies  with  the  output  of  ti* 
secondary  coil,  and  the  solenoid  controlling  the  feeding  valve  ot 
the  Moore  lamp  is  so  adjusted  that  when  the  resistance  of  the  gas 
is  approaching  its  minimum,  i.e.  when  the  current  through  it  :- 
approaching  its  maximum,  the  current  through  the  solenoid  shall 
be  just  strong  enough  to  raise  the  concentric  glass  tube  and  alio* 
the  gas  to  pass  through.  The  passage  of  this  gas  increases  th«. 
resistance  of  the  tube  e  f,  and  the  current  in  the  solenoid  there- 
fore falls,  and  allows  the  glass  tube  to  drop  and  seal  the  carbon 
tip  with  mercury.  The  efficiency  of  the  lamp  is  largely  depen- 
dent upon  the  gas  which  is  used  in  the  tube :  it  is  claimed  that 
with  nitrogen  it  has  an  efficiency  of  1*3  watt  per  hefner,  but  this 
ignores  the  losses  in  the  transformer  chamber,  which  should  be 
included  in  order  to  make  the  lamp  comparable  with  other  types 
which  are  supplied  direct  from  the  mains. 

When  filament  lamps  are  being  run  on  a  constant  potential 
circuit — that  is,  when  they  are  joined  across  the  mains  in  parallel 
— their  resistances,  if  they  are  all  of  the  same  candle-power  and 
efficiency,  must  be  uniform,  so  that  they  will  take  the  same  current 
strength ;  but  if  lamps  of  different  candle-power  are  to  be  em- 
ployed on  such  a  circuit,  then  their  resistances  must  vary  inversely 
as  the  currents  they  are  to  carry — that  is  to  say,  inversely  as  their 
required  candle-power.  For  example,  an  8-candle-power  lamp 
should  require  only  half  the  expenditure  of  electrical  energy  thai 
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should  be  necessary  with  a  16-candle-power  lamp.  Now  the 
electrical  power  expended  in  a  lamp  (or  the  number  of  watts)  is 
proportional  to  the  potential  difference  multiplied  by  the  current 
strength.  If,  therefore,  we  represent  the  electrical  power  in  watts 
by  w,  the  pressure  in  volts  by  e,  and  the  current  in  amperes  by  c, 
then  w  =  e  c.  But  e  is  constant ;  therefore  if  w  for  a  16-candle- 
power  lamp  is  twice  as  much  as  for  an  8-candle-power  lamp,  R  in 
the  former  case  must  be  half  as.  much  as  in  the  latter.  Let  us 
suppose  that  we  have  a  100- volt  circuit,  and  that  a  16-candle- 
power  carbon-filament  lamp  takes  60  watts,  also  that  an  8-candle- 
power  lamp  takes  30  watts,  then  for  the  former 

w  =  EC 

=  100  x  o"6  =  60, 

and  for  the  smaller  lamp 

W  =  EC 

=  100  x  0*3  =30. 

E 

But  by  Ohm's  law,  r  =    ,  and  for   the    16-candle-power  lamp 

r  =  '  =  i??  =  166  ohms, 
c       o*6 

Similarly  for  the  8-candle-power  lamp 

e       100  , 

r  =  -  =  —  =  333  ohms. 

c       0-3 

The  obvious  meaning  of  this  is  that,  for  a  given  voltage  and 
for  a  given  make  and  length  of  filament,  the  higher  the  illuminating 
power  which  a  lamp  is  required  to  yield  the  thicker  must  the 
filament  be.  If  the  filament  suitable  for  a  16-candle-power  lamp 
on  a  circuit  of  given  voltage  were  halved,  and  the  halves  placed 
in  separate  bulbs,  each  would  give  a  luminosity  of  approximately 
8  candle-power,  providing  that  the  two  lamps  were  placed  in 
series.  If  one  of  them  were  joined  direct  across  the  mains,  the 
current  that  would  flow  through  it  would  be  twice  the  normal 
strength,  and  the  filament,  being  raised  beyond  the  temperature 
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of  volatilisation,  would  break.  The  resistance  of  carbon  faJ< 
somewhat  rapidly  with  an  increase  of  temperature,  so  that  t:c 
resistance  of  a  16-candle-power  ioo-volt  lamp  is  more  than  50: 
ohms  when  cold,  or  about  twice  as  high  as  when  it  is  hot 

When  we  have  once  established  a  fair  average  efficiency  3 
becomes  a  very  simple  matter  to  estimate  the  amount  of  lizr: 
obtainable  from  a  given  electrical  power,  or,  conversely,  the  po**: 
that  would  be  required  to  maintain  a  given  number  of  lamp* 
On  the  basis  of  3 J  watts  per  candle,  a  16-candle-power  lamp 
taking  60  watts  would  on  a  60-volt  circuit  require  a  current  ti 
1  ampere,  and  on  a  100- volt  circuit  o*6  ampere. 

If  we  have  an  available  potential  difference  of  100  volts  and 
a  current  of  60  amperes,  we  have  a  total  power  of  6000  watu 
which  —ignoring,  for  the  time  being,  the  resistance  of  the  mains- 
would  suffice  to  maintain  a  hundred  16-candle-power  lamps,  or  fifty 
3 2 -candle-power  lamps.  Or  if  we  require  to  light  two  hundred 
16-candle-power  lamps  at  100  volts,  then  we  must  provide  1 
current  of  1 20  amperes.  It  is  almost  unnecessary  to  repeat  thai 
every  lamp  is  made  to  run  at  a  given  or  definite  voltage,  and  that 
it  would  be  quite  impracticable  to  place  the  same  lamp  in 
differently  on  a  50  and  on  a  100  volt  circuit.  The  voltage  that 
the  lamp  will  require  is  determined  by  the  dimensions  of  the 
filament,  and  every  filament  is  so  dimensioned  as  to  yield  its 
standard  luminosity  at  the  highest  temperature  compatible  with 
durability,  and  any  material  increase  upon  that  temperature  would 
tend  to  cause  volatilisation  or  disintegration  and  consequent 
rupture  of  the  filament. 

A  16-candle-power  carbon-filament  lamp,  when  run  at  4  per 
cent,  below  its  normal  voltage,  suffers  a  loss  in  luminosity-  of 
20  per  cent.,  while  an  excess  pressure  of  4  per  cent,  results  in  an 
increase  of  25  per  cent,  in  luminosity,  so  that  the  luminosity 
varies  much  faster  than  the  volts,  and  when  the  illumination  i> 
reduced  to  about  one-half  of  its  normal  amount,  the  power 
absorbed  in  the  filament  is  reduced  by  only  20  per  cent,  or 
thereabouts.  In  one  series  of  tests  it  has  been  shown  that  an 
increase  of  10  per  cent,  in  the  voltage  results  in  an  increase  of 
1 2  per  cent,  in  the  current,  which  causes  an  increase  of  80  per 
cent.  ;-  +Uo  ^andle-power  and  reduces  the  life  of  the  lamp  to 
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one-fourth  of  its  normal.  For  reasons  already  explained  the 
variations  with  metallic-filament  lamps  are  appreciably  less  than 
with  carbon  filaments. 

It  is,  therefore,  a  false  idea  of  economy  to  imagine  that  by 
under-running  an  advantage  will  be  gained.  A  reduction  of 
only  2  volts  makes  itself  very  apparent  in  the  amount  of  light 
emitted  by  the  filament,  and  although  it  will  probably  result  in  a 
prolongation  of  the  life  of  the  lamp,  the  advantage  thus  accruing 
is  more  than  neutralised  by  the  reduced  efficiency.  Although 
there  is  a  considerable  saving  involved  in  the  prime  cost  of  mains 
and  conductors  by  using  high-voltage  lamps,  there  is  a  limit  to 
which  this  saving  can  be  advantageously  carried.  An  8-candle- 
power  lamp,  for  instance,  when  constructed  for  a  circuit  of  200 
(or  more)  volts  must  have  a  long  thin  filament  in  order  that  it 
shall  offer  sufficient  resistance  to  allow  only  30  watts  or  there- 
abouts to  be  expended  upon  it,  and  it  should  be  evident  that 
with  such  a  thin  filament  the  loss  of  carbon  would  more  rapidly 
involve  a  complete  rupture  than  when  a  thicker  filament  is 
employed. 

It  must  be  remembered  that,  however  large  the  main  conductors 
may  be,  they  must  offer  some  definite  resistance  to  the  current, 
and  must  therefore  involve,  between  the  machine  and  the  lamps, 
a  certain  loss  of  potential.  Let  us  suppose,  for  example,  that  a 
large  room  at  the  limit  of  the  circuit  in  a  private  installation  takes 
a  current  of  50  amperes,  and  that  the  resistance  of  the  conductors 
between  the  machine  and  the  lamp  switch  is  0*04  ohm,  then  the 
loss  of  potential  in  those  conductors  will  beE=cxR=5o  x  0*04  = 
2  volts.  Hence  a  lamp  on  the  dynamo  itself  would  be  run  at  a 
potential  difference  of,  say,  112  volts,  while  a  lamp  in  the  distant 
room  would  have  only  no  volts.  It  is  the  practice  in  good 
installations  to  allow  a  maximum  fall  of  potential  between  the 
dynamo  and  the  farthest  lamp,  when  all  lamps  are  in  circuit,  of 
not  more  than  2  volts.  When  the  wiring  is  improperly  done, 
the  fall  is  frequently  much  higher,  and  we  have  come  across 
many  cases  where  it  is  as  much  as  8  or  even  10  volts.  The  energy 
which  thus  fails  to  reach  the  lamps  is,  of  course,  wasted  in  heat- 
ing the  conductors.  Such  badly  proportioned  mains  are  pre- 
judicial in  another  way.     When  only  a  small  proportion  of  the 
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lamps  is  in  use  they  will  receive  almost  the  full  pressure  of  the 
machine,  and  in  cases  where  it  is  the  practice  to  over-run  tbs 
dynamo  in  order  to  compensate  for  the  loss  in  the  mains,  the  L;»V 
of  the  lamps  may  easily  be  shortened  by  having  too  strong  a  current 
forced  through  them.  It  will  be  shown  in  the  closing  chapter  how 
central-station  engineers  try  to  overcome  this  difficulty. 

The  loss  in  the  mains  is  easily  calculated,  as  the  fall  of  potentii) 
at  full  load  is  equal  to  the  maximum  current  multiplied  by  the 
resistance,  and  the  power  lost  is  equal  to  this  fall  of  potential 
multiplied  by  the  current. 

Assuming  an  efficiency  of  3*5  watts  per  candle,  it  follows  thai 
746  watts,  or  one  electrical  horse-power,  expended  in  the  filaments 
would  produce  a  light  of  213  candle-power,  an  equivalent  to  thai 
of  thirteen  16-candle-power  lamps.  But  the  power  developed  by 
the  engine  in  a  fairly  large  private  installation  is  frittered  down  by 
the  losses  in  the  dynamo,  the  leads,  and  the  fittings,  so  that,  in 
practice,  not  more  than  ten  16-candle-power  lamps  can  be  main- 
tained for  each  horse-power  developed  by  the  engine,  while  in 
a  public  supply  system  the  losses  are,  for  reasons  which  should  be 
very  obvious,  still  greater. 

If  we  assume  that  each  lamp  is  made  to  last  1000  hours — and 
it  will  still  be  a  long  time  before  the  consumer  can  be  brought  to 
see  the  advantage  of  more  frequent  renewals — then,  on  a  basis  of 
an  average  of  two  hours  burning  per  day,  the  whole  of  the  lamps 
in  an  installation  would  have  to  be  renewed  at  the  end  of  about 
eighteen  months,  so  that  a  50-lamp  installation  would  cost  from  30J. 
to  3/.  per  annum  (according  to  the  make)  for  lamps  alone,  and  this 
is  an  item  of  sufficient  importance  to  have  some  considerable 
value  in  determining  whether  or  not  the  light  shall  be  adopted. 
Of  course  the  adoption  of  metallic-filament  lamps  will  with 
judicious  application  alter  these  conditions  materially,  as,  while  the 
efficiency  of  the  lamps  is  much  higher,  their  cost  is  higher,  and 
owing  to  the  absence  of  blackening,  the  proportion  of  the  light 
which  gets  through  the  bulb  as  the  lamp  ages  is  greater.  Further 
experience  with  this  class  of  lamp  is  necessary  before  a  definite 
pronouncement  can  be  made,  but  there  is  every  indication  that 
the  life  of  a  metallic  filament  will  exceed  that  of  a  carbon  filament, 
and  that  the  former  will  therefore  fully  justify  its  greater  cost. 
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As  a  matter  of  fact  we  know  of  several  installations  which,  on 
account  of  the  cost  of  electric  lighting  with  carbon-filament  lamps, 
would  have  been  turned  over  to  incandescent  gas  but  for  the 
substitution  of  the  more  efficient  metallic-filament  lamps. 

When  a  number  of  ordinary  incandescent  lamps  are  joined  in 
series,  the  fracture  of  the  filament  in  one  lamp  involves  the  ex- 
tinguishing of  the  other  lamp  or  lamps  in  series  with  it.  If,  there- 
fore, all  the  lamps  in  a  circuit  were  joined  in  series,  the  failure  of 
one  lamp  would  result  in  a  total  disconnection  of  the  circuit.  The 
parallel  system  has,  however,  many  advantages.  There  is  no  risk  of 
receiving  a  serious  shock  on  touching  the  mains,  as  the  maximum 
potential  difference  is  only  that  necessary  for  one  lamp,  which,  as 
we  have  said,  usually  ranges  from  100  to  240  volts.  If  one  of  the 
branch  leads  should  become  broken,  only  the  lamps  on  that 
branch  will  be  thrown  out  of  use.  The  means  available  for  con- 
necting the  lamp  to  the  supply  wires  are  of  the  simplest  description. 
The  insulation  of  the  mains  is  a  matter  of  less  difficulty  than  with 
high  potential  circuits. 

On  the  other  hand  the  cost,  of  the  mains  in  a  large  installation 
is  considerable,  and,  as  we  have  already  pointed  out,  the  mainten- 
ance of  a  constant  potential  difference  throughout  an  extensive 
network  is  a  matter  of  some  difficulty,  a  difficulty  which  does  not 
attend  series  working. 

Lamps  have  been  constructed  for  series  working — that  is  to 
say,  on  a  constant-current  circuit — and  were  usually  provided  with 
low  resistance  filaments,  designed  to  carry  a  current  of  5  or  10 
amperes,  so  that  they  could  be  joined  up  in  circuit  with  ordinary 
arc  lamps.  In  some  circumstances  this  is  a  decided  advantage 
—  for  example,  in  cases  where  an  arc  lamp  would  at  certain  hours 
give  more  light  than  is  required  (and  would  then  involve  a  waste 
of  energy) — but  where  total  darkness  is  undesirable,  a  series  in- 
candescent lamp  could  be  joined  with  an  arc  lamp  to  a  '  two-way ' 
switch,  by  turning  which  either  the  arc  or  the  incandescent  lamp 
can  be  thrown  in  circuit  at  will,  both  lamps  being  constructed 
to  take  the  same  current.  Experience  seems,  however,  to  have 
demonstrated  that  series  incandescent  lamps  are  not  required, 
or  that  the  cut-out  device  to  short-circuit  the  lamp  when  the 
filament  gives  out  has  not  been  designed  on  a  sufficiently  reliable 
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basis,  and  this  class  of  lamp   is  in  consequence  a  matter  or 
history. 

Incandescent  lamps  are  serviceable  in  a  variety  of  ways.    Ftr 
domestic  lighting  they  know  no  equal ;  they  in  no   sense  of  the 
word  vitiate  the  air,  nor  do  they  consume  it ;  they  have  very  litd; 
effect  upon  the  temperature  of  a  room  ;  they  are   not  injurious 
to  furniture,  books,  or  ceiling,  and  deposit  no  soot  ;   they  can  be 
placed  near,  but  not  in  contact  with,  curtains  or  other  combustible 
material  without  entailing  any  risk  of  fire ;  they  are  independt.t 
of  air  currents,  which  cause  flickering  in  any  lamp  where  gas  « 
oil  is   burned ;  they  are  exceedingly  convenient,    and    can  be 
'  turned  on '  at  any  moment  without  necessitating  the   use  of  2 
match;  the  switch  for  turning  them  on  can  be  placed  in  any 
convenient  position  ;  and  the   lamps  are  incompetent   to  caust 
explosions,  because  the  filament  is  destroyed  immediately  the  bulb 
is   broken.     On   the  other  hand,  they  consume  a  practically  in- 
variable amount  of  energy,  for  the  light  cannot  be  turned  down 
without  the  introduction  of  a  shunt,  or  of  resistance,  in  which  the 
energy  which  would  otherwise  be  absorbed  in  the  lamp  is  ex- 
pended in  the  development  of  heat.     Of  course,  where  alternating 
currents  are  employed  a  small  choking  coil  may  be  inserted  in 
the  circuit  to  reduce  the  pressure  at  the  lamp  terminals.     This 
device  is  serviceable  where   many  lamps  have  to  be  '  dimmed ' 
for  theatrical  or  other  similar  purposes,  but  it  is  not   generally 
applicable.     Incandescent  lamps  are,  however,  not  so  satisfactory 
for  street  lighting  unless  of  high  candle-power,  for  most  of  the 
advantages  which  pertain  to  them  when  used  in  a  house  disappear 
when  they  are  taken  into   the   street     The  public  look  for  a 
brilliant   light  and  get  only  the   equivalent   of  a  good   gas-jet 
Incandescent  lamps  are  readily  adaptable  to  the  lighting  of  rail- 
way carriages.     They  have  no  equal  for  ship-lighting,  their  usual 
competitors  in  such  cases  being  bad  oil  and  worse  lamps.     In  the 
case  of  passenger  steamers  expense  is  not  of  paramount  importance ; 
hence  it  is  not  to  be  wondered  at  that  in  this  work  incandescent 
electric  lighting  now  reigns  supreme.     Incandescent  lamps  should 
prove  of  inestimable  service  in  mines  and  in  the  bunkers  of  ships, 
where  the  chief  difficulties  to  be  contended  with  are  want  of 
portability,  and  the  risk  of  sparking  between  the  broken  ends  of 
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a  wire,  or  at  switch  contacts.     These  are  matters  which  are  being 
gradually  conquered,  and  there  is  but  little  doubt  that  before  long 
the  Davy  and  Geordie  '  safety '  lamps  will  be  relegated  to  historical 
museums.     There  is  a  scope  for  incandescent  lamps  for  the  use  of 
divers,  and  in  many  surgical  examinations  and  operations,  as  well 
as  for  the  microscope,  the  optical  lantern,  and  the  picture-gallery. 
In  order  to  estimate  the  amount  of  light  emitted  by  any  lumi- 
nous source,  electric  or  otherwise,  a  large  number  of  *  photometers' 
or  light-measurers  have  been  devised,  but,  excellent  as  some  of 
these  may  be  in  theory,  they  have,  when  applied  practically,  two 
serious  defects.     Measurement  of  every  kind  requires  some  unit 
or  standard  with  which  to  compare  the  substance,  force,  or  effect 
it  is  desired  to  measure ;.  and  it  is  pre-eminently  essential  that  this 
unit  or  standard  shall  be  fixed  and  invariable,  and  that  it  shall,  with- 
out very  much  trouble,  be  reproducible.     The  majority  of  units 
comply  more  or  less  with  these  requirements ;  the  one  unit  which 
does  not,  which  is  never  fixed,  but  is  always  liable  to  variation,  is 
the  so-called  unit  of  light.     With  us  in  England  the  official  unit 
was  for  a  very  long  time  the  *  candle-power/  which  was  assumed 
to  be  the  light  produced  by  a  '  standard  candle  '  weighing  six  to 
the  pound  and  made  to  burn  1 20  grains  of  spermaceti  wax  per 
hour.    There  were,  however,  so  many  objections  to  this  unit,  owing 
to  the  variation  in  the  composition  of  the .  wax,  the  texture  and 
composition  of  the  wick,  the  liability  of  the  flame  to  fluctuate  with 
variations  of  the   atmospheric   conditions,  and  a  host   of  other 
sources  of  error,  that  much  time  and  labour  have  been  devoted  to 
the  production  of  a   suitable  and  satisfactory  unit.     This,  after 
much  discussion  of  a  more  or  less  acrimonious  nature,  has  resulted, 
and  it  is  to  be  hoped  terminated,  in  the  adoption  of  the  pentane 
lamp  designed  by  Mr.  Vernon  Harcourt.     It  is  a  flame  lamp,  and 
it  should  be  noted  that  the  special  requirements  of  a  standard 
flame  are  that  the  combustible  must  be  of  known  and  definite 
composition  ;  the  conditions  of  burning  must  be  of  a  simple  and 
definable  "character,  and  the  nature  of  the  combustible,  as  well  as 
the  conditions  of  burning,  must  be  such  that  atmospheric  changes 
may  produce  a  minimum  effect  upon  the  light. 

The  combustible    employed   in  the   Pentane  standard  lamp 
consists  of  a  mixture  of  air  with  that  portion  of  American  petroleum 


762 


Electrical  Engineering 


which,  after  repeated  rectifications,  distils  at  a  temperature  n« 
exceeding  50°  C.  This  liquid  consists  almost  entirely  of  pcntinc 
its  siwcific  gravity  at  15°  C.  ranging  from  0-628  to  0-631.  Great 
care  lias  to  be  taken  in  the  preparation  of  the  pentane  in  order 
to  ensure  that  it  shall  be  free  from  impurities  and  of  the  standard 
density.  Its  chemical  composition  is  represented  by  the  symbol 
Fk.    m  CaH|6,    The  original  pentane  lamp 

was  designed  to  equal  a  standard 
candle,  but  the  form  which  is  roor- 
generally  adopted  is  much  larger,and 
has,  in  fact,  an  illuminating  power 
equivalent  to  ten  standard  candles 
The  general  construction  of  the 
lamp  as  made  by  Messrs.  Wright 
&  Co.  is  illustrated  in  fig.  366. 

It  comprises  a  rectangular  bin 
or  saturator,  a,  supported  at  the  top 
of  the  tube  h,  which  carries  the 
lamp.  Into  this  is  poured  liquid 
pentane  in  sufficient  quantity  to 
fill  it  up  to  about  two-thirds  of  its 
capacity.  The  pentane  gradual!) 
volatilises  and  mixes  with  air  which 
is  admitted  by  way  of  the  stopcock  b. 
The  air  is  drawn  round  a  number  of 
Iwffle  plates  to  ensure  a  satisfactory 
mixture,  and  the  air-gas  emerges 
through  the  stopcock  c,  and  passes 
down  the  indiarubber  tube  n  to 
the  steatite  argand  burner  e.  Deli- 
cate adjustments  are  provided  in 
order  to  facilitate  the  proper  regula- 
tion of  the  rate  of  flow  through  the  two  stopcocks.  Air  for 
combustion  purposes  is  supplied  for  both  the  inner  and  outer 
surfaces  of  the  flame.  There  are  two  double  metal  chimneys, 
of  which  the  inner  one,  f  f,  protects  the  flame  and  carries 
near  its  lower  end  a  mica  window.  Air  passes  up  the  annular 
space    between    these   chimneys  and  is  then  conveyed  through 


chap,  xvi  Pentane  Standard  763 

the  box  k  to  the  tube  h.  Passing  down  this  the  heated  air 
enters  the  bracket  l,  and  then  passes  up  through  the  burner  to 
the  inside  of  the  flame.  There  is  a  small  cylindrical  box,  e,  which 
actually  encloses  the  burner  above  referred  to,  and  air  is  drawn 
through  this  box  and  heated  on  its  way  to  the  outside  of  the  flame. 
The  lower  end  of  the  inner  chimney  tube,  f  f,  is  adjusted  by 
means  of  a  boxwood  gauge  provided  for  the  purpose  to  a  height 
of  47  millimetres  above  the  burner.  A  conical  shade,  M,  is  so 
placed  that  the  whole  surface  of  the  flame  below  the  tube  f  f 
can  be  seen  through  the  opening.  The  lamp  requires  to  be  fixed 
truly  vertical,  and  facilities  are  provided  for  ensuring  this  and  other 
necessary  refinements.  The  flame  should  be  so  regulated  (by 
means  of  b  and  c)  that  the  tip  of  it  is  about  midway  between  the 
bottom  of  the  mica  window  and  the  cross-bar,  but  it  is  said  that 
a  variation  of  a  quarter  of  an  inch  either  way  does  not  materially 
affect  the  luminosity  of  the  flame,  provided,  however,  that  the 
accuracy  required  is  not  greater  than  about  1  per  cent.  The 
proportions  which  have  been  given  to  the  various  parts  of  the 
lamp  are,  however,  such  that  when  the  flame  is  at  its  correct 
height  its  luminosity  is  a  maximum,  any  variation  above  or  below 
the  correct  height  causing  a  decrease  in  candle-power. 

The  10-candle-power  pentane  standard  is  much  more  reliable 
than  the  original  1 -candle-power  lamp  which  was  provided  with  a 
wick,  and  it  is  more  useful  because  the  illuminants,  whether  gas 
or  incandescent  electric  lamps,  with  which  it  has  to  be  compared, 
are  usually  of  too  high  a  candle-power  to  be  easily  comparable 
with  a  1  -candle-power  standard.  The  lamp  should  be  left  burn- 
ing for  about  fifteen  minutes,  in  order  to  allow  it  to  become  heated* 
and  attain  a  stable  condition  before  any  comparison  tests  are  made 
with  it. 

In  Germany,  the  Hefner  amyl-acetate  lamp  has  been  adopted 
as  the  standard,  and  has,  in  fact,  found  much  favour  both  in  this 
country  and  in  America.  The  lamp  is  very  simple,  and  carries  a 
cotton-yam  wick  saturated  with  amyl-acetate  (C7Hu02).  No 
chimney  is  necessary,  and  the  flame,  which  does  not  project 
above  the  top  of  the  thin  German-silver  tube  which  carries  it, 
is  so  adjusted  that  it  reaches  a  certain  height  The  Hefner  unit 
is  equal  to  about  0-9  English  standard  candle,  and  this  light  is 
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while  the  advantage  of  long  life,  or  rather  of  uniform  candle- 
power,  for  a  prolonged  period  is  almost  inestimable.  A  standard 
lamp  would  in  ordinary  circumstances  be  used  for  only  a  few 
minutes  each  day,  so  that  a  lamp  which  had  been  '  aged,1  or  run 
until  the  period  of  uniform  candle-power  is  attained,  would  last 
for  years  before  the  diminution  of  luminosity  sets  in,  and  only 
occasional  re- standardisation  would  be  necessary.  The  lamps 
are  usually  made  of  10  or  16  candle-power,  and  are  therefore  very 
suitable  for  testing  lamps  of  the  ordinary  or  commercial  type. 

Supposing  an  absolutely  reliable  and  permanent  unit  of  lumi- 
nosity to  be  available,  we  are  still  confronted  by  the  second  diffi- 
culty, viz.  the  want  of  a  means  of  accurate  measurement.  Prac- 
tical photometers  are  one  and  all  simple  comparison  instruments, 

Fig.  367 
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the  light  emitted  by  the  standard  and  the  source  under  test  being 
compared  simultaneously,  and  these  comparisons  must  perforce 
be  made  by  the  eye.  Unfortunately  that  organ  is  untrustworthy 
as  a  piece  of  scientific  apparatus,  and  incapable  of  accurate  dis- 
crimination. Its  sensitiveness  also  varies  considerably  with  the 
individual,  so  that  any  series  of  tests  should  be  taken  throughout 
by  the  same  experimenter,  although  even  then  there  is  some 
risk  of  personal  error.  Of  course  this  difficulty  is  in  a  measure 
overcome  by  continued  practice  and  attention,  but  some  experi- 
ments performed  by  Professor  Schuster  illustrate  very  forcibly  the 
general  unreliability  of  the  human  eye.  He  submitted  to  a  con- 
siderable number  of  persons  a  pure  yellow  image,  and  a  compound 
yellow  composed  of  full  red  and  green  rays.   By  means  of  a  '  Nicol 
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prism,'  each  person  could  mix  the  red  and  green  components 
together  in  any  proportion ;  and  they  were  asked  to  make  the 
compound  yellow  match  the  simple  colour.  The  result  was  ex- 
traordinary, for  whereas  one  observer  required  2*8  times  as  much 
red  as  green  to  make  the  match,  another  took  five  times  as  much 
green  as  red  to  produce  the  same  tint. 

All  practical  photometers  are  based  upon  the  fundamental  law 
that  the  intensity  of  illumination  on  a  given  surface  varies  in- 
versely as  a  square  of  its  distance  from  the  source  of  light  ;  and 
upon  the  fact  that  the  distances  of  two  independent  sources  of 
light  can  be  so  adjusted  that  their  illumination  of  the  given  surface 
is  equal.  Then  by  measuring  these  distances  the  relative  illumi- 
nating powers  can  be  calculated. 

A  photometer  usually  consists  of  a  disc  or  screen  upon  which 
the  light  rays  from  the  standard  and  from  the  lamp  under  test  are 
allowed  to  fall,  and  the  distances  of  the  illuminants  are  adjusted 
until  the  luminous  effects  of  the  two  sources  are  equal.  For 
example,  suppose  the  distance  of  the  standard  (say  1  candle-power) 
to  be  1  foot  and  that  of  the  lamp  3^  feet  when  equality  of 
illumination  is  obtained,  then  the  luminosity  is  i8  :  3^2 ;  that  is 
to  say,  the  light  emitted  by  the  lamp  is  1 2 \  times  as  strong  as  that 
from  the  standard,  and  it  may  be  called  a  i^J-candle-power 
lamp. 

The  Bunsen  or,  as  it  is  often  called,  the  '  grease-spot '  photo- 
meter is  an  instrument  by  which  fairly  accurate  results  can  be 
obtained  ;  and  it  is  therefore  frequently  employed.  A  small  screen 
of  somewhat  opaque  paper  is  stretched  on  a  metallic  ring,  which 
is  mounted  on  a  stand  movable  along  a  graduated  scale.  In  the 
earlier  forms  of  this  instrument  a  semi-transparent  grease-spot 
was  made  in  the  centre  of  the  disc  by  means  of  a  little  spermaceti 
dissolved  in  naphtha,  but  in  later  forms  the  whole  of  the  paper, 
with  the  exception  of  a  small  central  patch,  is  so  saturated.  To 
make  an  efficient  screen  is  a  matter  of  some  difficulty,  there  being 
a  particular  thickness  of  spermaceti  which,  with  each  experimenter, 
gives  the  best  results. 

The  standard  is  fixed  at  one  end  of  the  scale,  and  the  lamp 
(the  luminosity  of  which  is  to  be  measured)  at  the  other  end  of 
the  scale,  which  should  for  convenience  be  divided  into  100,  or 


768  Electrical  Engineering  chap,  in 

some  other  multiple  of  10,  equal  parts.  The  two  illuminants 
should  be  placed  at  such  a  height  that  their  centres  are  in  a  line 
with  the  centre  of  the  screen,  which  can  then  be  removed  along 
the  scale  until  the  spot  becomes  invisible  and  the  whole  of  the 
surface  appears  to  be  uniformly  lighted ;  or  the  screen  and 
standard  can  be  fixed,  and  the  lamp  under  test  moved  along  the 
scale  to  the  required  point. 

The  bottom  of  each  of  the  stands  carrying  the  screen,  &c, 
should  be  furnished  with  an  index,  and,  the  exact  position  of  these 
indices  on  the  scale  being  noted,  the  relative  distances  of  the  two 
illuminants   from  the  screen  can  be  easily  ascertained.     Their 
luminosities  can  then  be  calculated  by  squaring  these  distances. 
The  principle  of  this  instrument  is  simple.     If  a  single  light  is 
held  in  front  of  the  screen,  the  greased  paper,  which  allows  a 
portion  of  the  light  falling  upon  it  to  be  transmitted  through  it 
appears,  when  viewed  from  that  side  on  which  the  light  is  placed, 
to  be  darker  than  the  ungreased  portion,  which  reflects  liberally 
the  rays  falling  upon  it.     If,  on  the  other  hand,  the  light  is  placed 
behind  the  screen,  the  grease  spot  or  ring  appears  as  a  com- 
paratively bright  surface  upon  a  dark  ground,  owing  to  the  fact 
that  the  greased  paper  transmits  a  large  portion  of  the  light  falling 
upon  it,  while  the  other  part  of  the  screen  transmits  scarcely  any 
of  the  rays.     When,  therefore,  the  position  of  the  screen  between 
two  sources  of  light  is  adjusted  until  the  two  sides  appear  to  be 
equally  lighted,  the  light  transmitted  by  the  greased  paper  will  be 
equal  to  that  reflected  from  the  ungreased  paper,  and  the  illumina- 
tion from  the  two  sources  may  be  taken  as  equal.    As  a  matter  of 
fact,  the  grease-spot  is  never  capable  of  transmitting  the  whole  of 
the  light  falling  upon  it,  neither  is  the  ungreased  paper  a  perfect 
reflector  nor  absolutely  opaque.     In  order  that  both  sides  of  the 
screen  may  be  viewed  simultaneously,  mirrors  should  be  fixed  in 
position  so  as  to  project  images  of  the  two  sides  in  one  common 
direction.      A   number  of  other  refinements  may  be  introduced 
with  a  view  to  securing  greater  accuracy  in  the  results.     One  of 
these  is  to  introduce  between  the  illuminants  and  the  paper  screen, 
screens  of  cardboard  or  other  opaque  material  with  apertures  for 
the  transmission  of  the  direct  rays  from  the  sources  of  light,  and  to 
cut  off  rays  reflected  from  the  walls,  &c.     It.  is  usually  stipulated 
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that  the  walls  of  the  photometer  room  should  be  blackened,  and 
that  every  possible  reflecting  surface  should  be  similarly  treated, 
but  the  best  blackened  surface  is  still  capable  of  acting  as  a  partial 
reflector,  and  Mr.  Trotter  says  that  in  his  photometry  work 
his  most  valuable  assistant  was  a  little  piece  of  looking-glass.  If 
he  wanted  to  ascertain  whether  any  stray  rays  were  falling  upon 
the  photometer  he  simply  screened  off  the  direct  or  legitimate 
rays,  and  then  explored  the  neighbourhood  in  all  directions  by 
means  of  the  piece  of  looking-glass  placed  in  the  position  occupied 
by  the  photometer. 

A  beam  of  light  falling  upon  a  body  is  liable  to  be  affected  in 
three  different  ways :  the  rays  may  be  transmitted,  reflected,  or 
absorbed.  Bodies  are  called  transparent  when  they  transmit  a 
large  proportion  of  the  rays,  but  all  substances  behave  more  or  less 
as  reflectors,  for  it  is  only  by  reflected  light  that  non-luminous 
bodies  become  at  all  visible.  All  substances  also,  including  even 
the  best  reflectors,  absorb  some  of  the  rays,  so  that  when  a  reflector 
is  introduced  on  one  side  of  the  measuring  apparatus,  some 
difficulty  is  experienced  in  estimating  the  amount  of  light.  This 
is  a  feature  which  has  rendered  it  difficult  to  produce  a  simple 
photometer  for  the  direct  measurement  of  arc  lamps  and  other 
large  illuminants. 

Professors  Ayrton  and  Perry,  however,  designed  a  photometer 
of  a  useful  character  at  a  time  when  there  was  a  great  demand  for 
means  to  measure  the  light  from  an  arc  lamp.  Instead  of  moving 
the  lamp  away  to  a  considerable  distance  in  order  to  compare  its 
light  with  that  of  a  much  feebler  standard,  a  concave  lens  is 
employed,  which  has  the  effect  of  scattering  or  dispersing  the 
luminous  rays,  and  projecting  only  a  few  of  them  upon  the  screen, 
whence  it  is  called  a  '  Dispersion '  photometer.  As  the  proportion 
of  the  rays  thus  utilised  can  be  determined,  depending,  as  it  does, 
upon  the  curvature  and  absorbing  power  of  the  glass,  the  direct 
result  simply  requires  to  be  multiplied  by  a  given  constant  in 
order  to  determine  the  relative  luminosities.  A  plane  mirror  is 
employed  to  direct  the  rays  upon  the  lens,  the  plane  of  the  mirror 
being  always  adjusted  to  an  angle  of  45 °  with  the  incident  beam, 
so  as  to  avoid  the  introduction  of  errors  due  to  varying  degrees  of 
absorption  for  different  angles  of  reflection.     In  another  method 

3D 


770 


Electrical  Engineering 


chap,  xn 


of  testing  arc  lamps  an  incandescent  lamp,  after  being  standardised, 
is  employed  as  a  standard,  the  arc  lamp  being  placed  on  a  scale  at 
right  angles  with  the  photometer  bar,  which  carries  a  mirror  adjusted 
to  an  angle  of  45  °  with  the  luminous  beam,  so  as  to  project  the 
rays  upon  the  disc,  the  quasi-standard  being  placed  so  as  to 
illuminate  the  opposite  side  of  the  disc.  The  comparison  is  then 
made  by  adding  the  distance  between  the  disc  and  the  mirror  to 
the  distance  between  the  mirror  and  the  arc,  and  regarding  this  as 
the  distance  which  has  to  be  compared  with  that  between  the  disc 
and  the  standard.     A  constant  allowance  has  to  be  made  for  the 

absorption  of  the  mirror,  which 
for  any  given  angle  varies  with 
different  samples  of  glass.  It  is 
obviously  necessary  that  the  arc 
should  be  so  screened  that  none 
of  the  rays  fall  direct  upon  the 
disc,  and  that  the  angle  of  the 
mirror  should  be  kept  fixed. 
Some  difficulty  is,  however,  ex- 
perienced in  comparing  arc  and 
incandescent  lamps  owing  to  the 
greater  percentage  of  blue  rays  in 
the  former,  and  it  is  only  after 
long  practice  that  the  comparison 
can  be  made  with  any  degree  of 
confidence. 

It  will,  perhaps,  be  understood 
that  the  need  for  measuring  the  luminosity  of  arc  lamps  is  con  fined 
usually  to  the  laboratory  of  the  experimenter,  whereas  the  testing 
of  every  incandescent  lamp  prior  to  its  sale  by  the  maker  is 
essential  if  his  credit  is  to  be  maintained,  and  if  the  luminosity 
of  the  lamp  according  to  its  marking  is  to  be  relied  upon. 

A  number  of  photometers  have  been  constructed  in  which 
the  design  is  based  on  the  total  reflecting  properties  of  a  right- 
angled  prism.  Perhaps  the  most  popular  photometer  of  this 
kind  is  that  known  as  the  Lummer-Brodhun,  the  construction  of 
which  is  illustrated  in  fig.  368.  It  consists  of  a  metal  box,  a  b, 
with   openings   at    c    and    d,    through  which   beams    of    light, 
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£  and  f,  pass  from  the  two  sources  of  light  to  be  compared 
(one  source  being  the  particular  standard  adopted  for  the  experi- 
ment). The  beams  fall  upon  the  white  surfaces  of  a  screen  of 
magnesia,  G.  These  surfaces  should  be  kept  scrupulously  clean, 
and  the  light  being  then  fairly  diffused,  definite  proportions  will  fall 
upon  the  right-angled  prisms,  h  k.  We  have  already  referred  to 
such  prisms,  but  it  may  here  be  mentioned  that  a  beam  of  light 
falling  at  right  angles  upon  one  of  the  shorter  faces  of  such 
a  prism  will  be  totally  reflected  from  the  side  which  forms  the 
hypotenuse  of  the  triangle,  and  as  the  angle  which  the  reflected 
rays  make  with  the  reflecting  surface  is  the  same  as  the  angle 
which  the  incident  rays  make  with  that  surface,  it  follows  that  the 
reflected  rays  will  emerge  from  the  prisms  at  right  angles  with  the 
face  at  which  they  emerge.  Hence  portions  of  the  beams  £  and  f 
pass  through  the  prisms  h  and  k  respectively,  and  impinge  on  two 
more  right-angled  prisms,  m  and  n.  One  of  these  prisms,  m,  has 
a  portion  of  its  hypotenuse  face  removed  by  a  sandblast,  leaving 
only  a  small  circular  patch  untouched.  The  prisms,  m  n,  are 
placed  together  so  that  the  smooth  patch  on  m  is  placed  in  optical 
contact  with  n,  so  that  at  that  particular  spot  the  two  prisms  act 
optically  as  a  cube,  and  rays  of  light  coming  from  the  prism  h 
pass  straight  through  m  and  n  and  enter  the  telescope  p.  Rays 
from  the  prism  k,  which  impinge  upon  the  prism  N,  pass  through 
m  where  they  fall  upon  the  central  patch,  but  where  they  fall  upon 
the  other  portions  of  n  they  are  totally  reflected.  The  observer 
looking  through  the  telescope  sees,  therefore,  a  circular  disc  of 
light  due  to  k,  surrounded  by  a  ring  due  to  f,  the  disc  being 
lighter  or  darker  than  the  ring  according  to  the  relative  illumina- 
tion of  the  two  surfaces  of  the  screen  g.  Assuming  f  to  be  the 
stronger  beam,  its  source  is  removed  until  the  line  of  demarcation 
between  the  disc  and  the  ring  disappears — until,  that  is  to  say,  the 
two  illuminations  are  equal,  and  in  such  circumstances  the 
luminosity  of  the  two  sources  will  be  proportional  to  the  squares 
of  their  distances  from  the  screen. 

In  view  of  the  number  of  prisms  and  lenses  included  in  the 
instrument,  and  all  of  which  must,  to  be  of  any  real  value,  be 
extremely  accurate  in  construction  and  very  carefully  arranged, 
this  photometer  can  scarcely  be  regarded  as  a  simple  instrument. 
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Others  have  been  designed  on  simpler  lines  for  which  equal 
reliability  is  claimed,  but  these  instruments  are  usually  manipulated 
by  specialists,  and,  as  we  have  already  indicated,  photometry  is  not 
a  physical  measurement,  but  is  to  a  very  great  extent  a  matter  of 
judgment.  This  is  especially  the  case  in  the  measurement  of 
coloured  lights  or,  as  it  is  technically  termed,  *  heterochromatic  * 
photometry,  where  the  object  is  to  measure  the  intensity  of  the 
illumination  independently  of  the  colour. 

A  photometer  room  should  be  fitted  with  opaque  blinds,  so 
that  all  extraneous  rays  can  be  excluded,  and  when  flame  standards 
are  employed  should  be  free  from  draughts  and  vibration. 

A  beam  of  light  has  two  other  qualities  besides  that  of  illu- 
minating a  dark  surface.     It  can  easily  be  shown  to  possess  more 
or    less  heat  rays ;  also,  that  if  certain  compound  substances 
are  interposed  in  its  path,  chemical  decomposition  takes  place. 
Were  the  three  portions  of  the  beams — viz.  the  thermal,  the  lumi- 
nous, and  the  actinic  or  chemical  rays — always  united  in  the  same 
proportions,  we  should  have  no  difficulty  in  constructing  a  photo- 
meter accurate  in  its  measurement  and  independent  of  the  want 
of  sensitiveness  in  the  eye ;  for  we  could,  on  the  one  hand,  use  a 
thermometer,  or  a  thermopile  and  delicate  galvanometer ;  or,  on 
the  other  hand,  a  piece  of  sensitised  paper,  such  as  is  used  in 
photography.     But  unfortunately  the   proportions  vary  consider- 
ably. 

Tyndall  ascertained,  as  the  result  of  a  long  series  of  carefulh 
performed  experiments,  that  the  luminous  rays  from  several 
sources  of  light  bear  but  a  small  proportion  to  the  obscure  or  non- 
luminous  rays,  the  exact  proportion  of  the  former  being  from 

An  oil  flame 3  per  cent. 

A  gas  flame  ......  4       „ 

A  white-hot  spiral 4-6    „ 

An  electric-arc  light  .  10       „ 

The  arc  light  appears  here  as  the  richest  in  luminous  rays  ;  it  is 
also  the  richest  in  actinic  rays,  but  the  poorest  in  thermal  rays 
The  various  proportions  differ,  however,  with  different  carbons,  &c 
It  has  been  estimated  that  of  the  solar  rays  about  34  per  cent,  are 
luminous.     It  would  be  perhaps  the  greatest  single  stride  of  the 
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century  if  an  artificial  source  of  light  were  produced  from  which 
the  whole  of  the  rays  were  luminous,  instead  of  the  great  majority 
being  of  the  lower  or  thermal  order. 

In  commencing  Chapter  XV.  it  was  remarked  that  illumination 
is  the  whole  object  of  lighting,  and  it  behoves  us  now  to  study, 
albeit  briefly,  a  few  of  the  points  in  connection  with  illumination. 
By  illumination  is  meant  the  amount  of  light  falling  upon,  say, 
each  square  foot  of  the  surface  to  be  illuminated,  and  this  amount 
is  of  course  quite  independent  of  the  nature  of  that  surface.  The 
rays  which  thus  fall  upon  a  body  may,  as  we  have  already 
indicated,  be  either  reflected,  absorbed,  or  transmitted.  It  will 
also  be  remembered  that  no  surface  reflects  all  the  rays  incident 
upon  it,  nor  is  any  substance  so  transparent  as  to  transmit  all 
the  rays  without  loss.  Such  a  substance,  could  we  find  one, 
would  be  invisible,  since  bodies  which  are  not  themselves 
illuminants  or  sources  of  light  are  seen  only  by  reflected  light, 
and  those  bodies  are  brightest  which  reflect  the  greatest  proportion 
of  the  rays  which  fall  upon  them.  Few,  if  any,  substances  are  truly 
white,  for  to  be  so  they  must  be  capable  of  reflecting  rays  of  every 
hue  equally.  Most  bodies,  however,  absorb  rays  of  one  colour 
more  readily  than  those  of  another,  and  such  bodies  are  only  visible 
in  virtue  of  the  rays  which  they  reflect.  A  boiled  lobster,  for  in- 
stance, reflects  red  rays  readily,  but  absorbs  the  blue  rays.  If,  there- 
fore, it  were  placed  in  a  room  lighted  from  without,  and  in  lighting 
which  all  the  rays  had  to  pass  through  windows  of  cobalt-blue  glass 
(which  absorb  the  red  rays),  all  the  rays  incident  upon  the  lobster 
would  be  absorbed,  and  it  would  therefore  be  almost  black  or 
devoid  of  colour.  If  a  pinch  of  salt  be  burned,  it  will  tinge  the 
room  with  yellow — that  is  to  say,  there  will  be  such  a  prepon- 
derance of  yellow  rays  that  every  object  capable  of  reflecting 
yellow  rays  will  assume  that  hue.  Although,  therefore,  we  may 
measure  the  illumination  of  a  body  by  the  quantity  of  light  falling 
upon  it,  we  must  estimate  the  visibility  or  luminosity  of  such  a 
body  by  the  proportion  of  the  illuminating  rays  which  are  reflected 
from  it,  and  on  p.  777  we  give  a  table  of  the  reflecting  powers  of 
a  number  of  substances.  Most  objects  are  viewed  by  diffused 
light — that  is  to  say,  by  rays  which  have  been  reflected  from  surface 
to  surface  several  times  before  they  reach  the  eye.     The  best 
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example  of  this  is  sunlight  The  solar  rays  are  reflected  from 
roads,  houses,  &c,  into  the  rooms,  and  from  object  to  object  in 
those  rooms,  suffering  perhaps  hundreds  of  reflections  before  they 
finally  impinge  upon  the  retina.  It  will  be  manifest  that  were 
we  dependent  upon  the  direct  illumination  of  objects  by  the  sun, 
rooms  facing  due  north  would  be  in  perennial  darkness,  while  on 
a  cloudy  day  we  should  be  altogether  without  light  other  than  that 
derived  from  artificial  sources. 

The  illumination  of  a  body  depends  upon  two  factors,  viz.  the 
quantity  of  light  emitted  by  the  illuminant,  and  the  distance 
between  that  illuminant  and  the  body  illuminated.  The  unit  of 
illumination  which  is  more  generally  accepted  is  the  candle-foot, 
and  it  is  that  amount  of  light  emitted  by  a  standard  candle  (or  its 
equivalent)  which  falls  upon  a  body  at  a  distance  of  one  foot 
from  it ;  as  the  intensity  of  light  varies  inversely  as  the  square  of 
the  distance  from  the  source  of  light,  it  follows  that  were  an 
object  placed  at  a  distance  of  two  feet  from  a  standard  candle  its 
illumination  would  be  one-quarter  of  a  candle-foot  One  candle- 
foot  is  a  convenient  illumination  for  comfortable  reading.  It  has 
been  estimated  by  Mr.  Trotter  that  the  illumination  due  to  the 
sun  on  a  bright  day  in  the  streets  of  London  is  equal  to  thirty 
candle-feet,  while  the  maximum  usually  obtained  in  a  street 
lighted  by  arc  lamps  is,  on  the  pavement,  but  little  in  excess  of 
one-half  of  a  candle-foot.  In  some  recent  experiments  in  London 
with  flame  arcs  a  much  better  illumination  has  been  attained. 
both  in  intensity  and  in  uniformity. 

The  number  and  distribution  of  incandescent  lamps  to  be 
employed  in  lighting  any  given  room  or  building  is  a  matter 
of  some  importance,  although  the  efficiency  is  frequently  governed 
to  a  very  great  extent  by  local  requirements,  structural  details, 
and  questions  of  taste.  Accordingly,  it  is  essential  that  the 
installation  engineer,  to  be  successful,  should  have  a  certain 
amount  of  artistic  instinct,  and  it  is  to  the  absence  of  this 
that  the  want  of  effectiveness  so  frequently  seen  in  installations 
is  to  be  attributed.  Naturally  the  man  who  designs  the  instal- 
lation is  before  all  things  an  engineer,  and  one  whose  chief  object 
is  to  get  the  greatest  amount  of  light  for  a  given  expenditure  of 
energy,  so  that  unless  a  desire   is  definitely  expressed  to  the 


chap,  xvi  Frosted  Bulbs  775 

contrary,  naked,  clear-glass  bulbs  are  almost  sure  to  be  used, 
and  frequently  so  arranged  that  the  intensely  brilliant  and  often 
dazzling  filament  directs  its  rays  on  to  the  face  of  the  occupant  of 
the  room.  For  internal  domestic  lighting  no  one  would  employ 
a  naked  gas-flame,  and  it  is  not  at  all  exceptional  for  the  globes 
which  are  usually  employed  to  absorb  60  or  even  75  per  cent,  of 
the  light  emitted,  and  electric-light  engineers  should  reconcile 
themselves  to  this,  and  be  content  to  sacrifice  something  to 
comfort  and  appearance.  It  is  not  at  all  fair  to  compare  an 
unscreened  incandescent  lamp  with  a  shaded  gas-flame,  and  say 
that  the  16-candle-power  incandescent  lamp  gives  out  two,  three, 
or  four  times  as  much  light  as  the  gas- flame.  Nevertheless,  this 
manifestly  objectionable  comparison  is  frequently  made.  As  the 
intensity  of  illumination  varies  inversely  as  the  square  of  the 
distance  from  the  illuminant,  it  will  often  become  a  serious 
question  whether  it  is  preferable  to  place  unscreened  lamps  with 
reflecting  shades  high  up,  or  to  place  screened  lamps,  or  lamps 
with  '  frosted '  bulbs,  low  down.  Or  again,  more  especially  in  small 
rooms,  a  more  uniform  distribution  of  light  will  be  obtained  from 
four  8-candle-power  lamps  than  from  two  of  16  candle-power, 
although  the  prime  cost  for  wiring  and  fittings  will  be  heavier. 
An  obscured  or  frosted  globe,  although  it  absorbs  more  of  the 
rays  than  does  a  clear  globe,  gives  a  better  effect,  and  as  the  pupil 
of  the  eye  contracts  when  looking  at  the  comparatively  dazzling 
light  of  the  unscreened  filament,  it  is  possible  that  the  number  of 
rays  which  actually  enter  the  eye  will  differ  but  little  in  the  two 
cases.  The  filament  in  a  frosted  lamp  is  invisible,  and  the  com- 
paratively large  bulb  looks  very  much  as  though  it  is  in  reality 
the  source*  of  light,  and  the  luminous  area  being  thus  enlarged 
the  luminous  intensity  is  reduced  and  the  contrast  between  the 
source  of  light  and  the  lighted  objects  is  less  striking.  With  an 
ordinary  unscreened  gas-flame  a  room  looks  very  poorly  lighted 
in  comparison  with  the  effect  produced  by  placing  a  globe  over 
the  burner,  although  we  know  as  a  matter  of  fact  that  there  is  less 
light  emitted  in  the  latter  case  than  in  the  former.  Moreover,  the 
distribution  from  a  lamp  with  a  ground-glass  bulb  is  very  different 
from  that  obtained  with  a  clear  one.  We  may,  in  fact,  look  upon 
a  sheet  of  ground  glass  as  being  composed  of  an  [almost  infinite 
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number  of  small  and  irregular  prisms.  Rays  from  every  point  of 
the  filament  impinge  upon  every  portion  of  the  glass,  and  then, 
passing  through  different  thicknesses  of  the  bulb,  they  undergo 
refraction  to  such  an  extent  that  practically  each  little  prism  be- 
comes a  separate  and  distinct  source  of  light,  its  rays  passing  out 
in  every  conceivable  direction.  Of  course,  if  the  lamp  is  actually 
out  of  the  range  of  the  eye,  clear  globes  should  be  used,  so  that 
the  objects  in  the  room,  which  have  no  contracting  pupil  and  which 
are  seen  only  by  reflected  light,  may  receive  the  maximum  number 
of  rays. 

It  does  not  always  follow  that  anything  approaching  very 
closely  to  uniformity  in  illumination  is  required  for  internal  work. 
For  example,  in  an  office  the  light  is  wanted  over  the  tables  or 
desks,  and  not  on  the  floor  between  them ;  in  dining-rooms  the 
light  is  required  over  the  tables  rather  than  on  the  walls.     Where 
uniform  illumination  is  required  in  a  room  with  fairly  light  walls, 
and  with  lamps  seven  and  a  half  or  eight  feet  above  the  floor, 
a  good  rough  rule  is  to  allow,  in  the  case  of  carbon-filament  lamps, 
from  three-quarters  to  one  watt  per  square  foot  of  floor  space. 
With  lamps  of  good  average  efficiency  the  smaller  value  is  sufficient 
for  comfortable   reading.     On  the   i-watt   basis  a   room   would 
require  a  i6-candle-power  lamp  for  every  sixty  square  feet  of  floor 
space — assuming,  that  is,  that  this  lamp  takes  60  watts.  A  great  deal 
however,  depends  upon  the  colour  and  surface  of  the  surroundings. 
Dull  and  dark  surfaces  absorb  a  very  large   proportion  of  the 
luminous  rays  which  impinge  upon  them  and  convert  them  into 
heat,  while  light  and  smooth  surfaces  reflect  them  freely,  and  by 
repeated  reflections  add  considerably  to  the  illumination  of  the 
room.     Dr.  Sumpner  has  published  the  table  reproduced  on  the 
next  page  showing  the  reflecting  powers  of  a  number  of  substances 
with  which  he  experimented. 

It  thus  appears,  says  Dr.  Sumpner,  that  even  a  dull -looking 
wall  will  reflect  as  much  as  20  per  cent,  of  the  light  incident  upon 
it.  A  wall  of  ordinary  tint  reflects  from  40  to  50  per  cent,  while 
a  good  white  surface  reflects  over  80  per  cent.  A  clean  white- 
washed ceiling  reflects  as  much  light  as  an  ordinary  mirror,  for 
although  extremely  good  mirrors  may  be  obtained  which  will 
reflect  as  much  as  90  per  cent,  of  the  light  incident  upon  them, 
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measurements  made  with  common  mirrors  do  not  show  a  greater 
reflecting  power  than  82  per  cent.  A  room  with  its  surfaces  well 
whitewashed  thus  needs  only  one-fifth  of  the  candle-power  to 
produce  any  given  amount  of  illumination  that  it  would  need  if 
its  walls,  ceiling,  &c,  were  all  painted  black. 

The  student  will  not,  therefore,  be  surprised  to  learn  that  it  is 
no  unusual  experience  to  find  that  while  one  room  may  be  uni- 
formly well  lighted  with  an  expenditure  of  three-quarters  of  a 
watt  per  square  foot,  another  room  will  be  but  dimly  lighted  with 
an  expenditure  of  ii  or  even  2  watts. 


Table  op  Reflecting  Powers 


Per  cent. 

Per  cent. 

White  blotting  paper 

.      82 

Tissue  paper  (one  thickness)      .     40 

White  cartridge  paper 

.      80 

„         ,,      (two  thicknesses)    .     55 

Tracing  cloth   . 

•     35 

Yellow  wall-paper     .                  .40 

Tracing  paper  . 

.     22 

Blue  paper        .         .                  •     25 

Ordinary  foolscap 

•     7o 

Dark-brown  paper    .         .              13 

Newspapers 

50  to  70 

Deep  chocolate-coloured  paper .        4 

Plain  deal  (clean) 

40  to  50 

Yellow  painted  wall  (dirty)              20 

,,       ,,    (dirty) 

20 

,,           „         ,,     (clean)       .      40 

Yellow  cardboard     .      •  . 

•      30 

Black  cloth      .         .                  .     1  -2 

Parchment  (one  thickness) 

22 

Black  velvet    .                           .0*4 

,,         (two  thicknesses) 

•     35 
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CHAPTER  XVII 

INSTALLATION   EQUIPMENT,    FITTINGS,    ETC. 

One  of  the  most  important  details  to  be  considered  in  connection 

vvith  an  electric  light  or  power  plant  is  the  means  to  be  adopted 

for  transferring  the  energy  from  the  generator  to  the  lamp  ox 

In  electric  lighting,  copper  is  always  employed  for  the  con- 

<*  Victor.     The  current  to  be  carried  is  usually  heavy,  and  it  is 

.^^operative  that  the  loss  of  energy  due  to  the  resistance  of  the 

nductor  should  be  brought  down  to  the  lowest  practicable  limit 

T^ere  iron  to  be  employed,  it  would  be  necessary  to  give  it  six 

_ies  the  sectional  area  of  the  copper  to  obtain  the  same  con- 

*\  ^2.  ctivity,  and  in  addition  to  the  difficulty  in  handling  such  heavy 

__*iductors  and  jointing  them  together,  the  cost  of  providing 

&£&ctive  insulation  would  be  very  great.     In  fact,  an  iron  coo- 

^.mJictor  sheathed  with  insulating  material  would  be  considerably 

-0re  expensive  than  one  of  copper  offering  the  same  resistance, 

0d  in  any  case  iron  would   be  quite  unsuitable  for  use  with 

rapidly  alternating  currents. 

It  will  be  seen,  from  a  study  of  the  table  given  on  p.  i8,  that 
the  choice  of  materials  for  electrical  conductors  of  any  kind  is 
really  limited  to  the  two  metals  above  mentioned,  viz.  copper  and 
iron ;  so  that  for  electric-lighting  work  we  have  no  alternative  bat 
to  use  copper. 

For  electric  railways,  however,  where  bare  conductors  arc 
employed  supported  by  '  insulators '  resting  on  the  sleepers,  the 
question  of  specific  resistance  is  not  a  determining  factor,  and 
iron  or  rather  mild  steel  of  special  cross-section  is  generally 
employed.  The  cost  of  the  copper,  which  would  have  to  he 
provided  in  sufficient  mass  to  withstand  the  wear  and  tear  of  the 
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trailers,  would  be  prohibitive,  and  the  temptation  to  illicitly 
acquire  heavy  pieces  of  valuable  metal  would  be  too  great.  For 
electric  tramways  and  other  power  purposes  where  the  conductor 
is  suspended  on  poles,  or  insulated  for  laying  in  subterranean 
conduits,  copper  is  always  used. 

The  accompanying  tables  (pages  780,  781)  concerning  the 
various  sizes  of  copper  wire  generally  employed  give  some  in- 
structive details.  It  will  be  seen  that  the  conductors  referred  to 
in  the  second  table  are  made  up  of  a  number  of  comparatively 
small  wires  stranded  together,  the  chief  objects  being  to  impart 
greater  flexibility  and  to  reduce  the  risk  of  complete  fracture. 

Now,  as  in  overcoming  the  resistance  of  a  conductor  electrical 
power  is  wasted,  and  as  it  costs  money  to  develop  electrical 
power,  it  is  evident  that  in  any  commercial  system  such  waste 
must  be  kept  down  to  a  minimum.  This  can  be  done  by  simply 
reducing  the  resistance  :  that  is,  by  increasing  the  size  of  the  con- 
ducting wires ;  but  as  this  also  is  an  expensive  matter,  care  must 
be  taken  that  the  addition  thus  made  to  the  expenditure  in  con- 
ductors is  not  so  great  as  to  more  than  counterbalance  the 
cost  of  the  power  continually  being  saved.  It  has  been  laid  down 
as  a  general  rule  that,  for  the  transmission  of  any  given  current, 
the  size  of  the  conductor  most  economical  to  employ  is  one  offer- 
ing such  a  resistance  that  the  cost  of  the  energy  wasted  per  annum 
in  heating  the  conductors  should  be  approximately  equal  to  the 
interest  per  annum  on  the  original  outlay  upon  them.  Knowing 
the  average  current  to  be  transmitted,  it  becomes  easy  to  find  the 
average  electrical  horse-power  wasted  in  a  conductor  of  any  given 
resistance ;  but  the  cost  of  developing  a  horse-power  depends  upon 
many  conditions,  principally  local,  such  as  the  cost  of  fuel,  at- 
tendance, rental,  repairs,  prime  cost  and  efficiency  of  the  plant. 
And  with  regard  to  the  conductors  themselves,  it  must  be  re- 
membered that  it  is  not  merely  a  question  of  the  quantity  and 
price  of  the  metal  employed,  but  also  of  the  insulation  and 
laying. 

Most  main  conductors  for  lighting  purposes  are,  in  England, 
placed  underground,  and  in  many  cases  the  cost  of  insulating  and 
laying  considerably  exceeds  the  actual  cost  of  the  wire.  Further, 
although  the  resistance  of  a  wire  one  inch  in  diameter  is  only  one- 
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fourth  of  that  of  a  wire  half  an  inch  in  diameter,  it  does  not  cost 
anything  like  four  times  as  much,;nor  even  twice  as  much,  to  by 
the  thicker  wire  as  it  does  to  lay  the  thinner,  for  the  labour  of 


Table  of  Annealed  Copper  Wires 


c* 
C 

-o 

Diameter 

Sectional  Area 

Sauare        Square 
square    ,     m;n;_ 

Wei 

ght               > 

Kilo- 
grammes 

Resistance 

• 

Ohms  per 

at  "o=  F. 

Inches 

Milli- 

Lbs. per 

Ohra^per 

metres 

inches 

metres 

mile 

per  kilo- 

mile 

ktlof»etr? 

1 

metre 

1 

7.' 

i  a 

1 
•5000 

12*70 

•1963 

126*7 

3996* 

1126*0 

•2T55 

1:% 

'/• 

,  -4640 

11-79 

•1691 

109*1 

3441* 

969*9 
840-7 

•250* 

1?  v 

*l 
la 

1  '432° 

10*97 

'1466 

94*56 

2983* 

•2887 

"17U 

V. 

|  "4O0O 

10*16 

"1257 

81-07 

2557* 

720*8 

'*& 

**Cv* 

=7. 

■3720 

9*449 
8*839 

•1087         • 

70*12 

2212* 

623*4 

'           '3893 

'24x9 

;  a/» 

1  '3480 

•o95 11 

61*36 

»93°* 

545*6 

•4448 

"r~'* 

1    7. 

•3240 

8*229 

•08245 

53'i9 

1678* 

472*9 

,            *5»32 

uia 

1     i 

1  '3000 

7*620 

•07069 

4S*6o 

I438* 

405*4 

1            *5986   ' 

*r** 

1          2 

'  "2760 

7*010 

•05983       , 

38"6o 

1218' 

343*2 

•707a 

"4?— 

3 

1  '25?o 

6*401 

-04988 

32*18 

1015* 

286-1 

•8483 

""•7~ 

4 

1  '2320 

5*893 

'04227 

27*27 

8603 

242*5 

1*001 

>1U 

5 

1    *2120 

5*385 

•03530 

22*77 

718*3 

202-5 

1*199 

>**i 

6 

1    "I92° 

4*877 

'02895        l 

i8"6»        , 

589*2 

166-1 

1-461 

7" 

7 

1    "1760 

4*47<> 

02433 

15*7° 

495'i 

U9*5 

1*739 

1 V. 

8 

1  *i6oo 

4*064 

'090II 

1297        | 

409*2 

ii5'l 

2*104 

r?o* 

9 

,   "M40 

3*658 

'01629 

TO*5I 

33»*4 

93'4» 

2-508 
3*288 

1*014 

IO 

1   '1280 

3'25» 

'01287 

8*302 
6"8i8 

261  '9 

73*8x 

3-04; 

ii 

.  "1160 

2*946 

•01057 

215*1 

6062 

4*004 

7>fc 

12 

1  "1040 

2*642 

■O08495 

5*48o 

172*9 

48-71 

4*981 

3*°95 

*3 

■  "0920 

2 '337 

-006648 

4289 

135*3 

38*13 

6*365 

}*QSS 

f 

i     M 

'  '0800 

2*032 

-OO5027 

3*243      , 

102  *3 

28-83 

8-418 

S°'* 

15 

■  '0720 

1*829 

'OO4072 

2627      . 

82*86 

«3*35 

10-39 

f4?T 

'     16 

"0640 

1*626 

"003217        ' 

2'°Z5 

65*47 

18*45 

1315 

"■t- 

!     -7 

•0560 

1*422 

'002463     ] 

1*589 

50*12 

14*13 

17*18 

l©f?7 

I     ,8 

-0480 

1*219 

-001810 

1*167      1 

36-82 

1038 

23*38 

«4'5' 

1     I9 

'  '0400 

1*016 

•001257      1 

■8107 

25*57 

7-208 

33*67 

30*93 

1       20 

■0360 

*9M4 

001018 

6567 

20*71 

5*838 

41*57 

»5**i"< 

1       2I 

•0320 

•8128 

•0008043 

•5189 

i6*37 

4*6i3 

53*61 

32  *6o 

1 

22 

•0280 

-7112 

"0006158 

3972 

12*53 

3*532 

68-71 

42*70 

1       23 

•0240 

•6096 

■0004  s  24 

•2919 

9- 206 

2*595 

93*53 

58*12 

24 

"0220 

•5588 

'0003801 

'2452 

7*736 

2*180 

m*3 

6a*ic 

25 

,    '0200 

•5080 

•0003142    | 

•2027 

6*393 
5*178 

I*8o9 

*34*7 

83*69 

26 

*Ol8o 

'4572 

•0002545 

'1642 

1*460 

1663 

103*3 

27 

•0164 

•4166 

'00021 12 

•1363    1 

4*299 

1*212 

200*3 

1245 

1       28 

'OI48 

'3759 

•0001720 

'mo 

3*5oi 

•9867  ' 

•45*9   . 

tpt 

29 

•0136 

'3454 

•0001453 

•09372  . 

2*956 

•8333 

291*3 

i3io 

1       30 

*OI24 

■3150 

•0001208 

•07791 

2*458 

*6927 

350"4 

217-7 

1       31 

'OI  l6 

•2946 

"0001057 

•06818  , 

2*151 

•6062 

400*4 

248-B 

1       ,2 

'OTo8 

'5-743 

'00009 16 1 

•05910 

1-864 

•5354 

461*9 

287*0 

33 

*OIOO 

•2540 

•00007854 

"05067  1 

x*598 

•4505 

538'7 

334*8 

1     3*» 

"0092 

■2337 

'00006648 

•04289 

i*353 

•38t3 

636-5 
763'5 

*»S"5 

-5 

•0084 

•2134 

'00005542 

•o3575 

1-128 

*3«79 

474*4 

1     36 

"0076 

•1930 

■00004536 

"02927 

•9232 

•2602 

93«*7 

579* 

1     37 

•0068 

•1727 

-00003632 

'02343  1 

•7390 

'2083 

1165* 

723*9 

'     38 

•co6o 

■1524 

'00002827 

•01824 

'5754 

'1622 

1496' 

929*9 

I2ji- 

1     39 

•0052 

"1321  , 

'00002124 

•01370  ■ 

•4322 

'1218 

1992* 

1     40 

'0048 

'1219 

1 

•000018 10 

*oi  167 

•3682 

•1038 

2338* 

«4S3* 
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Table  of  Stranded  Conductors 


TRb  ittn. 

Diameter 

1 

Equivalent  to 

• 

bcr  of 

Standard 

(in  inches) 



.solid  wire 

!   Weight  of 

1    l^rtiifitir'frrttr 

Resistance 
at  6o°  Fahr. 

wires 

gauge  of 

1 

'  |     WllUUClvll 

in 
strand 

each  wire 

25 

Of  each 

single 

wire 

Of  the 

strand 

1 

Diameter 
1  (inches) 

•0345 

Area 
(square 
inches) 

•00093 

per  statute 
mile  (lb.) 

1 

per  mile 
(ohms) 

3 

•020 

043 

1942 

45 '45 

3 

24 

'022 

047 

0378 

00112 

23*49 

37  55 

3 

23 

'024 

•052 

0414 

•00134 

2796 

3i  57 

3 

22 

028 

060 

0482 

00182 

3805 

2319 

3 

21 

032 

•069 

'OSS2 

•00238 

4971 

1775 

3 

20 

036 

078 

•0621 

'00301 

62*92 

1403 

7 

25 

'020 

•060 

0527 

00217 

45  23 

1944 

7 

24 

'022 

066 

■0579 

•00263 

5471 

1607 

7 

23 

'024 

'072 

•0632 

00313 

6512 

1350 

7 

22 

028 

084 

•0737 

•00426 

1         8863 

9*920 

7 

.«* 

030 

•090 

,       0790 

'00489 

1018 

8643 

7 

21 

• 

032 

•096 

•0842 

00557 

1158 

7  596 

7 

20ft 

033 

099 

0868 

00592 

123*2 

7  143 

7 

20 

036 

108 

0948 

00705 

1466 

6001 

7 

19 

■040 

'120 

•1053 

•00870 

1809 

4860 

7 

18 

'048 

144 

1264 

•01254 

2605 

3  375 

7 

17 

•056 

168 

:    1475 

•01706 

354*5 

2480 

7 

16 

•064 

•192 

1    -1684 

•02227 

4631 

1*900 

7 

IS 

•072 

•216 

■1896 

•02822 

5862 

i"5°° 

:    7 

14 

•080 

•240 

•2106 

,      "03484 

7236 

1-215 

.   19 

22 

028 

•140 

1215 

1       Ol 157 

2408 

3659 

*9 

21 

032 

•160 

•1386 

01510 

314-6 

2'802 

J9 

20 

036 

•180 

•156 

•01912 

393  3 

2*213 

19 

19 

•040 

'200 

173 

•02360 

4917 

1793 

19 

18 

•048 

•240 

-208 

03399 

707'9 

1*245 

19 

17 

056 

'280 

243 

•04627 

9633 

•9147 

19 

16 

•064 

•320 

•277 

06039 

1258 

7OO7 

'9 

x5 

"072 

•360 

•312 

C7650 

1593 

5532 

'9 

14 

080 

•400 

•347 

09442 

1966 

•4482 

37 

20 

•036 

•252 

-218 

•03722 

775*8 

I   137 

37 

19 

•040 

•280 

'242 

04596 

9579 

•9208 

37 

18 

048 

336 

'290 

•06619 

1379 

■6394 

37 

ll 

056 

•392 

■339 

'09006 

1877 

•4699 

37 

16 

■064 

•448 

•387 

'1 176 

2451 

"3599 

37 

15 

'072 

•5<H 

•435 

1489 

3103 

'2842 

37 

14 

080 

•560 

■484 

•1838 

3830 

2305 

61 

18 

'048 

•432 

•373 

•1091 

2274 

•3879 

61 

17 

056 

'5<H 

•43.5 

1485 

3094 

285O 

61 

16 

064 

576 

•497 

•1939 

4042 

•2183 

61 

15 

•072 

•648 

•559 

•2455 

5«6 

•1724 

61 

14 

•080 

•720 

•621 

•3029 

6316 

I397 

61 

13 

'092 

'828 

714 

•4008 

8353 

1056 

61 

12 

'104 

•936 

808 

•5120 

10674 

•08266 

9i 

if 

080 

-880 

759 

•4519 

9422 

•09364 

9i 

13 

092 

I'OI2 

•   '872 

•5977 

12462 

■07080 

9i 

12 

104 

I   144 

1   -986 

•7638 

X5925 

05541 

9i 

11 

•116 

I  276 

I'lOO 

9504 

19811 

04453 
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trenching  and  reinstatement  would  be  the  same  in  both  cases. 
The  insulation  and  mechanical  protection  of  the  conductor  are 
important  and  expensive  items,  which  do  not  increase  so  rapidly 
as  the  resistance  of  a  wire  is  reduced  by  an  increase  in  its  size : 
so  that  it  does  not  by  any  means  follow  that  a  given  reduction 
in  resistance  entails  a  proportionate  increase  in  expense,  and  it 
becomes  impossible  to  lay  down  any  hard  and  fast  rule  which  shall 
determine  the  exact  size  of  conductor  for  any  given  case. 

It  may  be  noticed  incidentally,  that  when  the  diameter  of  1 
round  conductor  is  doubled,  although  its  sectional  area,  and  there- 
fore its  conductivity,  is  increased  fourfold,  its  surface    is  only 
doubled.     Therefore,  if  a  current  of  four  times  the  strength  is 
passed  through  it,  the  heat  developed  will  be  four  times  as  great 
/since  power  wasted  =  c'r),  while  the  surface  at  which  radiation 
trices  place  has  only  been  doubled.     The  temperature    of  the 
t/aicker  wire  will  consequently  rise  higher  than  that  of  the  thinner 
ar»e  wnen   they  carry  currents   in   proportion  to   their  conduc- 
t£  V'ities.     A  wire  employed  for  the  purpose  of  transmitting  current 
iCp    lamps  or  motors  should  never  be  so  small  that  the  maximum 
current  transmitted  can  appreciably  raise  its  temperature;  but  for 
otfaer  special  cases  it  may  be  noted  that  one  advantage  attend- 
trig  the  use  of  bare  conductors  is   the  greater  facility  afforded 
by  them  for  the   radiation   of  heat  as  compared  with  covered 
conductors. 

So  many  considerations,  mostly  special  for  every  particular 
case,  enter  into  the  question  of  the  best  size  and  shape  of  the 
conductor  consistent  with  strict  economy,  that  we  cannot  discus* 
the  matter  fully  here.  But  with  regard  to  the  reduction  of  re- 
sistance by  the  employment  of  high  conductivity  copper,  it  should 
be  noticed  that,  as  the  presence  of  a  minute  quantity  of  foreign 
matter  causes  such  a  great  increase  in  the  resistance  of  this  metal, 
it  is  always  economical  when  copper  is  selected  to  use  the  purest 
metal  obtainable  commercially. 

In  systems  of  distribution  of  electrical  power  by  means  of 
a  constant  current,  the  question  is  comparatively  simple,  as  the 
current  employed  is  not  a  heavy  one,  and  it  has  the  same  value  at 
all  times  and  in  all  parts  of  the  circuit.  The  chief  difficulty  likely 
to  arise  is  in  providing  for  future  extensions  of  the  system  when 
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the  potential  difference  which  can  be  applied  at  the  ends  of  the 
circuit  is  limited. 

The  more  interesting  and  more  difficult  problem  consists  in 
the  supply  of  current  to  lamps,  or  other  apparatus,  at  a  constant 
potential ;  for  then  the  main  conductors  have  to  carry  a  very  heavy 
and  variable  current.     The  matter  becomes  even  more  difficult 
if  the  lamps  are  distributed  over  a  wide  area,  or  are  situated  at  a 
distance  from  the  generating  station.     As  has  been  pointed  out  in 
Chapter  XIII.,  the  power  wasted  may  in  such  cases  be  reduced  to 
a  minimum,  by  transmitting  it  in  the  form  of  a  small  current  at 
high  pressure,  and  reducing  the  pressure  at  the  required  point  to 
a  suitable  value.     But  such  a  system  has  its  disadvantages.     Al- 
though the  cost  of  the  copper  is  greatly  reduced,  the  high  potential 
difference  employed  demands  very  efficient  and  expensive  insula- 
tion, the  engines  and  dynamos  must  always  be  kept  running,  and 
when  very  little  power  is  being  demanded,  the  efficiency  of  the 
transformers  and  of  the  whole  system  falls.      It  is  true  that  when 
the  secondary  circuit  of  a  parallel  transformer  is  disconnected  or 
only  lightly  loaded,  the  transformer  absorbs  but  a  small  proportion 
of  its  full  power,  because  the  primary  current  is  then  of  low  value 
and  also  nearly  900  in  phase  behind  the  impressed  e.m.f.  ;  but 
the  energy  lost  in  eddy  currents  and  hysteresis  is  practically  the 
same  as  at  full  load,  and  of  course  the  difference  in  phase  referred 
to  does  not  reduce  the  loss  in  heating  the  main  conductors  and 
the  primary  coils  of  the  transformers.     When  the  number  of  trans- 
formers is  large,  the  total  power  thus  wasted  becomes  considerable 
during  the  times  when  little  or  no  light  is  required — that  is  to  say, 
during  the  greater  part  of  the  twenty-four  hours. 

In  the  method  of  distribution  by  means  of  continuous  currents 
led  direct  from  the  dynamo  to  a  number  of  lamps  all  joined  up  in 
parallel,  the  chief  problems  to  be  faced  are  the  heavy  loss  occurring 
in  the  mains,  and  the  difficulty  of  regulating  the  pressure  at  the 
terminals  of  each  lamp.  Such  a  system  is  indicated  by  the  diagram 
in  fig.  369,  where  d  represents  a  dynamo  capable  of  main- 
taining a  constant  potential  difference  at  its  terminals ;  a  and  b, 
the  main  leads  from  the  machine  to  the  nearest  lamp ;  and  e,  f 
the  continuation  of  those  leads,  between  which  the  lamps  are 
placed.     Suppose  there  to  be  100  lamps  so  joined  in  parallel, 
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each  requiring  a  current  of  half  an  ampere,  and  a  potential 
difference  at  its  extremities  of  no  volts.  The  total  cunem 
supplied  by  the  dynamo  with  all  the  lamps  in  use  would  be  50 
amperes,  and  this  current  would  have  to  be  carried  by  the  main 
leads  a  and  b.  Supposing  the  resistance  of  a  and  b  to  be  one- 
tenth  of  an  ohm,  the  power  wasted  in  overcoming  this  resistance 
would  be  250  watts,  and  the  consequent  fall  of  potential  5  volt>. 
Therefore  the  machine  must  develop  at  least  115  volts  at  hs 
terminals  in  order  to  maintain  no  volts  at  the  nearest  temp. 

Now  a  further  fall  of  potential  would  take  place  along  the 
more  distant  mains  e,  f  ;  suppose  this  to  amount  to  10  volts, 
then  the  pressure  at  the  most  distant  lamp  would  only  be  100 
volts,  while  if  this  were  raised  to  the  desired  value  of  1 10  volts  by 
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an  increase  at  the  dynamo,  the  nearest  lamp  would  then  be  work- 
ing at  120  volts,  or  10  volts  above  its  proper  pressure.  Evtc 
ignoring  the  waste  of  power,  such  a  difference  could  not  be  ptf 
mitted  if  similar  lamps  were  used  throughout  the  system,  as  sotrc 
would  be  giving  far  above  and  others  far  below  their  norm* 
candle-power. 

It  would,  however,  be  practicable,  but  to  some  extent  incon 
venient,  to  employ  different  types  of  lamp,  placing  those  made:* 
run  at  no  volts  at  the  end  near  the  dynamo,  and  others  con 
structed  for  100  volts  at  the  farther  end  of  the  line,  and  so  «•- 
But  even  then,  if  the  dynamo  were  perfectly  regulating—  that  is  tc 
say,  capable  of  maintaining  a  constant  potential  difference  at  ti* 
brushes  under  all  circumstances — the  potential  at  the  far  end  ^ 
the  mains  would  rise  considerably  when  any  number  of  the  near* 
or  intermediate  lamps  were  cut  out  of  circuit.     It  is,  however,  tfe 
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practice  for  some  central-station  engineers  to  ascertain  the  average 
potential  difference  in  the  various  sections  of  the  network,  and  to 
recommend  consumers  to  provide  lamps  accordingly. 

Referring  again  to  the  figure,  it  will  be  observed  that  the  mains 
at  any  one  point  only  carry  a  current  equal  to  that  required  by  all 
the  lamps  beyond  that  point  Thus,  while  the  portions  a  b  take 
the  whole  current,  those  portions  between  the  last  lamp  and  the 
last  but  one  carry  only  half  an  ampere.  The  size  of  the  mains 
might,  therefore,  be  reduced  by  one  hundredth  as  every  lamp  is 
passed,  and  the  same  density  of  current  in  the  conductor  be 
retained.  This  is  equivalent  to  bunching  100  wires  together  to 
form  the  main,  and  taking  out  one  of  them  at  every  lamp.  If  the 
100  wires  were  separately  insulated — that  is  to  say,  if  a  separate 
lead  and  return  wire  were  used  between  the  machine  terminals 
and  each  lamp — the  pressure  at  the  ends  of  these  leads  would  be 
constant ;  and  since  the  resistance  in  each  independent  lamp 
circuit  is  also  constant,  the  pressure  at  each  lamp  would  be 
unaltered  by  any  variation  in  the  number  thrown  in  circuit.  This 
forms  a  means  of  maintaining  a  perfect  regulation,  although  of 
course  the  actual  pressure  at  the  lamp  would  depend  upon  the 
resistance  of  its  particular  leads.  Great  as  are  the  advantages  of 
such  a  method,  the  expense  would  forbid  its  being  employed  in  an 
installation  extending  over  a  large  area.  It  will  be  seen,  however, 
that  with  ordinary  mains  if  the  resistance  is  sufficiently  low  to 
make  the  fall  of  potential  very  small,  then  the  variation  which 
would  take  place  in  the  potential  difference  at  the  extreme  end  of 
the  circuit  becomes  negligibly  small.  An  extreme  variation  of 
2  volts  might  be  allowed,  and  then,  by  maintaining  the  normal 
pressure  of  no  volts  near  the  middle  of  the  system,  the  nearest 
lamp  would  have  but  in  volts  and  the  farthest  109. 

It  is  necessary  to  be  able  to  observe  in  the  engine -room  the 
pressure  existing  at  the  far  and  near  ends  of  the  mains  at  any 
moment,  so  as  to  be  able  to  keep  one  point  as  much  below  as  the 
other  is  above  the  normal  pressure ;  and  this  can  be  done  by 
leading  'pilot-wires'  from  the  mains  at  those  points  to  a  volt- 
meter placed  at  the  generating  station. 

For  instance,  in  fig.  369  a  thin  wire  might  be  led  from  the 
point  a  and  another  from  ^,  each  to  one  terminal  of  the  volt- 
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meter,  which  would  afford  an  indication  of  every  variation  at  the 
extreme  end  of  the  mains.  A  second  pair  of  pilot-wires  might 
be  led  from  the  nearest  lamp ;  or  by  leading  one  pair  only, 
connected  to  the  mains  at  the  centre  of  the  system,  and  keeping 
the  potential  there  at  1 10  volts,  a  good  average  regulation  might 
be  maintained. 

At  many  of  our  supply  stations  where  several  thousand  lamps 

are  supplied  in  parallel,  batteries  of  secondary  cells  are  used  in 

conjunction  with  the  dynamos,  for  regulating  and  assisting  the 

machines  to  meet  an  exceptionally  large  demand.     At  the  extreme 

ends  of  all  the  mains  a  standard  pressure  is  maintained,  while  that 

at  the  nearest  lamp  does  not  exceed  that  pressure  by  more  than 

two  or  three  volts.     A  pair  of  thin  wires  is  led,  as  mentioned  above, 

from  the  end  of  the  mains  to  a  voltmeter  in  the  engine-house,  and 

ivhen  this  instrument  indicates  a  fall  of  potential  (caused  by  the 

^vv itching  in  of  more  lamps)  the  attendant  immediately  switches 

^7ne  or  more  secondary  cells  on  to  that  pair  of  mains,  in  series  with 

^fie  existing  cells,  thus  raising  the  pressure  to  the  required  value  ; 

+\\e  cells  being  of  course  cut  out  when  the  voltmeter  indicates  a 

j-ise  of  potential. 

Although  on  a  simple  parallel  system  ot  distribution,  the 
arrangement  is  such  that  the  whole  of  the  lamps  are  connected  in 
parallel  between  the  two  mains,  it  is  evidently  impracticable  to 
join  them  directly  across  (as  indicated  in  the  case  of  the  nearest 
and  farthest  lamps  in  fig.  369)  when  the  mains  are  carried  under 
the  roadway.  It  is  necessary  to  lead  a  wire  from  each  main  to 
every  group  of  lamps,  say  to  every  house  supplied,  in  the  manner 
indicated  at  m,  n.  The  higher  potential  mains  are  throughout 
marked  +  ,  and  the  lower  potential,  or  return  wires,  —  .  These 
subsidiary  mains  should  be  proportioned  in  size  according  to  the 
number  of  lamps  to  be  supplied  by  them. 

It  is  not  practicable,  however,  to  sufficiently  reduce  the 
resistance  of  a  single  pair  of  mains  leading  direct  from  the 
dynamo  to  maintain  even  approximately  a  constant  pressure  at  all 
the  lamps  if  they  are  distributed  over  a  large  area ;  a  method 
of  facilitating  regulation  in  such  a  case,  by  the  employment  of 
subsidiary  mains  which  feed  the  mains  proper  at  certain  points, 
but  are   not  themselves  tapped  by  lamp  circuits,  has  already 
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been  described  in  connection  with  transformers,  and  will  again  be 
referred  to  later  on. 

The  method  of  employing  a  battery  of  secondary  cells  so  as 
to  assist  in  the  regulation,  or  in  the  maintenance  of  a  constant 
potential,  is  indicated  in  fig.  369,  where  s  represents  such  a  battery. 
The  cells  are  joined  in  parallel  with  the  dynamo,  and  are  charged 
by  it  without  any  alteration  in  the  connections  other  than  those 
indicated  in  Chapter  XIV.  being  necessitated. 

The  interactions  between  the  dynamo  and  the  battery  may 
be  embraced  under  three  heads,  (a)  When  the  e.m.f.  of  the 
battery  is  less  than  the  potential  difference  at  the  dynamo 
terminals,  the  machine  is  supplying  current  to  the  lamps  and  at 
the  same  time  charging  the  cells,  the  strength  of  the  current 
passing  through  the  cells  depending  upon  the  excess  of  the 
potential  difference  maintained  by  the  machine  over  the  e.m.f.  of 
the  cells,  (b)  When  the  e.m.f.  of  the  cells  becomes  equal  to  the 
potential  difference  at  the  machine  terminals,  both  generators  are 
equally  active  in  feeding  the  lamp  circuit,  (c)  When  the  e.m.f.  of 
the  cells  rises  above  the  normal — that  is,  above  that  potential 
difference  which  is  required  to  be  maintained  at  the  terminals  of 
the  generators  in  order  to  maintain  the  right  pressure  at  the  lamps 
— then  the  battery  not  only  feeds  the  lamp-circuit,  but  raises  the 
pressure  at  the  machine  terminals.  This  rarely  happens,  but,  the 
machine  being  shunt-wound,  the  effect  is  to  increase  the  current 
through  the  field  coils,  giving  a  stronger  field,  which  again  tends 
to  increase  the  e.m.f.  developed.  When  the  potential  difference 
thus  rises,  it  becomes  necessary  tc  cut  out  one  or  two  cells  to 
prevent  the  pressure  rising  sufficiently  high  to  injure  the  lamps. 
Suitable  switches  (such  as  that  illustrated  in  fig.  31 2)  are  employed 
for  this  purpose,  and  the  regulation  effected  by  an  attendant  in 
accordance  with  the  indications  of  the  voltmeter. 

It  will  be  remembered  that  if  the  engine  should  break  down, 
the  cells  would  drive  the  shunt  machine  as  a  motor  in  the 
same  direction ;  but  an  automatic  cut-out  should  be  provided  to 
disconnect  the  dynamo  when  the  back-current  from  the  cells  ex- 
ceeds a  certain  limit.  A  piece  of  apparatus  capable  of  performing 
these  operations  was  described  in  Chapter  XIV. ;  it  disconnects 
the  machine  when  from  any  cause  its  potential  difference  falls 
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below  the  e.m.f.  of  the  cells.  Under  such  circumstances  the  cells 
would  be  called  upon,  and  should  be  able,  to  run  even  the 
whole  of  the  lamps  connected  to  the  battery  for  a  short  period. 

It  also  becomes  possible  to  economise  power  and  the  expense 
of  attendance,  where  only  one  machine  is  in  use,  by  running 
it  during  the  hours  when  the  demand  is  near  the  maximum, 
allowing  the  cells  to  supply  current  to  the  comparatively  few  lamps 
required  at  other  times. 

It  may  occur  to  the  student  that  a  considerable  saving  in  the 

mains  would   be  effected   by  joining  groups  of  lamps  in  serie? 

between  the  mains,  all  the  groups  being  thus  placed  in  parallel. 

This  is  so ;  for  if  the  lamps  were  placed  in  sets  of  four  in  serio. 

the  potential  difference  between  the  mains  would  be  four  times 

ttiat  at  the  ends  of  one  lamp,  say  400  volts  instead  of  100.     By 

£/*is  means  the  maximum  current  in  the  mains  would  be  reduced 

tC?  one-fourth,  and  the  weight  of  copper  correspondingly  reduced 

^C?  £*ve  tne  SSLme  rate  of  i°ss  of  power. 

But  some  serious  difficulties  arise  in  connection  with  such  a 
s-y  stem  ;  for  instance,  if  the  filament  of  one  lamp  in  a  set  breaks, 
tV%e  other  three  lamps  in  that  set  are  immediately  extinguished : 
a^-id  if,  to  remedy  this,  the  faulty  lamp  is  merely  short-circuited, 
tfre   remaining   three  get   too   much   current,  and   may  also  be 
damaged.     Of  course  a  device  may  be  adopted  to  automatical!) 
switch  in  a  second  lamp,  or  to  replace  the  broken  one  by  a  resist- 
ance equal  to  it  ;   but  the  latter  arrangement  is  undesirable  on 
account  of  the  waste   of  power;  and   in  either  case   the   exta 
fittings  involve  additional  trouble  and  expense.     The  same  objec- 
tion arises  in  the  ordinary  case  of  switching  out  one  of  a  batch  0: 
lamps. 

But  even  if  the  lamps  are  joined  in  sets  of  only  two  in 
series,  a  considerable  saving  is  effected  ;  and  a  method  by  which 
this  can  be  done,  without  introducing  any  of  the  difficulties 
referred  to,  is  indicated  by  the  diagram  in  fig.  370.  It  is  known 
as  the  *  three-wire  system/  and  was  devised  by  the  late  Dr. 
Hopkinson. 

Two  equal  dynamos,  Dj,  d*,  are  joined  in  series,  and  connected 
to  the  mains,  a,  b,  in  the  ordinary  manner.  That  is  to  say,  the 
positive  terminal  of  d{  is  joined  to  the  positive  main  a,  and  the 
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negative  terminal  of  d2  to  the  main  b,  while  the  negative  terminal 
ofD,  is  coupled  to  the  positive  of  n2.  Suppose  each  machine  to 
be  capable  of  maintaining  a  potential  difference  of  no  volts; 
then  when  they  are  so  joined  in  series  they  maintain  the  mains  a 
and  b  at  a  difference  of  220  volts.  The  lamps  being  joined,  two 
in  series,  across  the  mains  as  indicated,  the  potential  difference  at 
the  extremities  of  one  of  them  is  no  volts.  A  third  or  '  middle ' 
wire,  c,  which  may  be  smaller  than  the  mains  or  'outers,' 
connects  the  junctions  of  the  pairs  of  lamps,  and  is  also  joined 
to  the  junction  of  the  dynamos. 

Now  when  the  number  of  lamps  between  a  and  c  is  the  same 
as  the  number  between  b  and  c,  the  potential  is  the  same  at  every 
point  along  the  wire  c.  Hence  there  is  no  tendency  for  any 
current  to  flow  along  the  middle  wire ;  it  might,  in  fact,  be  cut  at 

Fig.  370 
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any  point,  or  removed  altogether,  without  in  any  way  affecting  the 
working  of  the  system.  But  when  the  lamps  on  either  side  of  it 
are  made  unequal  in  number  this  state  of  balance  no  longer 
exists.  Suppose  a  lamp  between  a  and  c  to  be  switched  out  of 
circuit ;  then  the  resistance  between  a  and  c  is  greater,  and  there- 
fore the  fall  of  potential  becomes  greater,  than  between  b  and  c. 
But  the  mains  a  and  r  are  kept  at  approximately  the  same 
potential  difference,  and  if  the  difference  between  a  and  c  is 
increased,  it  can  only  be  by  the  lowering  of  the  potential  of  c. 
The  effect  of  cutting  out  a  lamp  between  a  and  c,  then,  will  be  to 
lower  the  potential  of  c  near  the  point  where  the  lamp  is  discon- 
nected. But  the  potential  at  the  point  f  remains  unaltered  ;  con- 
sequently this  difference  of  potential  establishes  a  current  along 
the  wire  c,  from  the  junction  of  the  machines  to  the  lamps.     The 
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strength  of  the  current  is  equal  to  that  which  flows  through  one  lamp 
circuit ;  it  may,  in  fact,  be  considered  as  the  current  which  passes 
through  the  additional  lamp  between  b  and  c.  If  a  lamp  between 
b  and  c  is  now  switched  out,  balance  is  again  restored,  and  no  current 
passes  along  c.  When  the  number  between  a  and  c  is  made  the 
greater,  the  difference  between  those  leads  is  lessened — that  is,  the 
potential  of  c  near  the  lamp  is  raised.  This  determines  the  flow 
of  a  current  from  the  lamp  to  the  junction  of  the  machines  along 
the  middle  wire.  If  the  whole  of  one  set  of  lamps  were  cut  out 
then  the  middle  wire  would  have  to  carry  the  current  supplied  to 
all  the  lamps  in  the  remaining  set,  in  which  case  it  would  require 
to  be  as  large  as  the  other  mains ;  in  some  cases  the  three  mains 
are  made  equal,  but  it  is  usually  possible  to  arrange  or  '  balance' 
the  lamps  so  that  this  extreme  case  would  never  happen,  the 
general  practice  being  to  give  the  middle  wire  about  half  the 
cross-section  (i.e,  one-fourth  of  the  resistance)  of  the  outer  wires. 

Secondary  cells  may  be  employed  in  conjunction  with  the 
machines,  as  indicated  in  the  diagram  ;  two  complete  sets  of  cells 
are  needed,  their  positive  and  negative  terminals  being  connected 
to  the  mains  and  to  the  centre  wire  in  the  same  manner  as  are  the 
dynamo  terminals.  The  principle  may  be  extended  to  a  five- wire 
system  ;  but  such  methods  of  distribution  should  only  be  adopted 
when  the  area  to  be  lighted  is  sufficiently  extensive  to  enable  the 
saving  effected  in  the  cost  of  the  mains  to  much  more  than  balance 
the  disadvantages  due  to  the  increase  in  the  cost  of  the  plant  and 
to  the  additional  complications. 

A  secondary  battery  may  also  be  utilised  to  dispense  with  one 
of  the  dynamos.  Suppose,  for  example,  a  single  machine  de- 
veloping 260  volts  to  be  applied  to  a  battery  of  no  cells,  then 
the  middle  wire  would  start  from  the  centre  of  the  battery,  the 
outer  wires  being  joined  to  its  extremities  and  to  the  dynamo. 

Owing  to  the  operation  of  the  law  that  the  loss  of  power  in 
conductors  is  proportional  to  c2r,  the  saving  in  copper  consequent 
upon  the  adoption  of  the  three- wire  system  is  much  greater  than 
would  at  first  sight  appear.  Referring  to  fig.  369,  let  us  suppose 
that  the  conductors  a  b  have  to  supply  current  for  100  lamps 
taking  0*5  ampere  each.  The  current  (c)  in  a  b  will  be  50  amperes 
If  we  suppose  the  same  lamps  to  be  transferred  to  a  three-wire 
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system  and  that  the  load  is  evenly  balanced,  the  current  will  be 
reduced  to  25  amperes,  or  \  c.  In  order,  therefore,  that  the  loss 
on  the  three-wire  system  shall  equal  that  on  the  two-wire  system 
we  must  increase  the  resistance  of  the  outer  mains  to  four  times 
the  previous  value,  so  that  c2r  =  \  c2  x  4R,  that  is  to  say,  instead 
of  sending  a  current  of  50  amperes  through  leads  offering  a 
resistance  of,  say,  0*2  ohm,  we  shall  have  to  send  a  current  of  25 
amperes  through  a  resistance  of  0*8  ohm.  The  amount  of  copper 
in  the  outers  is  therefore  reduced  to  one-fourth,  and  if  the  middle 
wire  has  one-fourth  of  the  conductivity  of  the  outers  we  have 
to  add  ^y  part  of  the  weight  of  the  conductors  on  the  two-wire 
system.  In  other  words,  the  weight  of  copper  is  reduced  under 
the  three-wire  system  to  about  25  +  3  =  28  per  cent,  of  the 
weight  required  on  the  two-wire  system. 

A  means  of  reducing  the  difficulty  of  maintaining  a  uniform 
potential  difference  along  lengthy  mains  is  afforded  by  the  use  of 
independent  conductors  connecting  various  points  in  the  circuit 
direct  with  the  generating  station,  and  these  subsidiary  leads  are 
termed  '  feeders.'  In  some  cases  the  mains  themselves  are  not 
connected  direct  with  the  generator,  but  they  are  arranged  to  form 
with  the  lamp  circuit  a  distinct  network,  and  the  whole  of  the 
current  is  supplied  to  the  mains  at  suitable  points  by  way  of  the 
feeders.  Experience  has  shown  that  in  very  extensive  systems 
the  best  practice  is  to  divide  the  network  into  a  number  of  groups 
controlled  independently  from  the  central  station,  rather  than  to 
interlace  the  whole  system  into  a  single  network  by  cross  con- 
ductors. In  one  notable  case  where  a  fire  occurred  and  put  the 
network  to  earth,  the  whole  area  was  thrown  into  darkness,  and 
much  trouble  was  experienced  in  locating  the  fault.  Had  the 
network  been  divided  into  sections,  the  protective  device  for  the 
defective  section  would  have  indicated  at  once  the  particular  part 
of  the  area  where  the  fault  lay,  and  at  the  same  time  the  rest  of  the 
area  could  have  been  supplied  without  difficulty. 

When  the  potential  difference  at  or  near  the  particular  point 
to  which  a  pair  of  feeders  is  connected  varies  (as  it  does  with 
a  change  in  the  number  of  lamps  in  use),  this  difference  is 
compensated  for  by  correspondingly  varying  the  pressure  applied 
to  those  feeders,  or  by  some  other  means  varying   the  current 
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passing  through  them.  When,  for  instance,  the  number  of  lamps  in 
circuit  is  increased,  the  pressure  between  the  mains  falls,  and  mort 
current  is  required  to  be  supplied  by  the  feeders,  and  vice  versa. 

It  becomes  necessary,  therefore,  to  provide  some  means  for 

promptly  indicating,  at  the  generating  station,  the  variations  of  the 

potential  difference  at  the  points  where  the  feeders  join  the  main*. 

This  is  readily  supplied  by  the  employment  of  pilot  wires,  after 

the  manner  already  described,  so  that  when  a  fall  of  potential  in 

the  vicinity  of   the    point  at  which  a  particular  pair  of  fetrdcr* 

joins  the  main  is  indicated,  the  electrical  pressure  along  that  pair 

of  feeders  can  be  augmented  until  the  distant  point   is  raised  to 

the  required  standard.     On  the  other  hand,  should  the   potential 

difference  in  the  mains  rise,  then  that  on  the  feeders  rnus>t  be 

^^?duced.     But  economical  adjustment  in  this  way  is  somewhat 

^jiflficult  of  attainment     It  would,  for  example,  be   hardly  prac- 

r^^ible,  except  in  very  large  stations,  to  use  a  separate   dynamo 

f-^r  each  pair  of  feeders,  and  to  continually  vary  its  output  to  suit 

l^^j    demand.     It   is   preferable   to  use   one   or   more    dynamos 

^j-inected  to  a  pair  of  *  omnibus '  bars,  from  which  the  whole  of 

Y-%.45  feeders  radiate.     The  potential  difference  between  these  bars 

-i&y  De  kept  equal  to  the  maximum  required,  and  the  regulation 

ffected  by  inserting  resistance  or  counter  electro-motive   force  in 

\Y\e  respective  feeder  circuits.     The  insertion  of  resistance  coiW. 

yiowever,  while  it  is  effectual  and  convenient,  is  wasteful.     A  more 

economical   plan,    for   moderate   loads,    is    to    introduce   a  few 

secondary  cells  in  each  feeder  in  such  a  manner  that  they  oppose 

the  feeding  current     The  effect  is  simply  to  oppose  a  counter 

k.m.f.  to  the  dynamo  (since  the  cells  have  practically  no  resistance  \ 

but  the  potential  difference  is  varied  by  the  rather  large   steps  vi 

two  volts  at  a  time. 

The  advantage  of  using  a  number  of  machines  in  parallel 
instead  of  one  large  machine  to  supply  the  omnibus  bars,  is  thai 
a  dynamo  may  be  switched  out  and  stopped  when  the  demand  for 
current  falls.  When  the  feeders  vary  considerably  in  length,  n 
may  be  advisable  to  divide  them  into  two  or  even  more  group-, 
according  to  their  resistances,  and  supply  the  longer  ones  from 
a  pair  of  bars  maintained  at  a  proportionately  higher  pressure  trun 
the  similar  bars  supplying  the  shorter  feeders. 
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In  some  instances  subsidiary  machines,  termed  '  boosters,'  are 
employed  to  maintain  the  pressure  on  the  feeders  or  at  certain 
points  in  the  network.  A  booster  is  really  a  motor-generator — that 
is  to  say,  it  consists  of  two  parts,  viz.  a  dynamo  to  give  out  a  low 
voltage,  and  a  motor  which  drives  the  dynamo,  and  which  may 
itself  be  driven  off  the  omnibus  bars,  so  that  in  this  case  the  bars 
are  maintained  at  the  normal  voltage,  and  the  extra  volts  are 
supplied  by  the  booster,  which  may  be  placed  either  at  the 
generating  station  or  in  a  sub-station.  As  an  illustration,  we  may 
take  an  arrangement  frequently  used  in  traction  installations, 
where  the  variations  in  pressure,  unless  compensated  for,  are 
likely  to  be  considerable,  and  where  on  account  of  the  sudden 
changes  in  the  load  it  is  necessary  that  the  boosters  should  be 
self-regulating.  We  will  assume  that  it  is  required  to  maintain 
a  pressure  of  500  volts  on  the  car-motors,  then  the  main  generators 
may  be,  say,  three  in  number,  and  preferably  compound-wound 
machines,  over-compounded  to  give  a  pressure  of  500  volts  at  no 
load,  and  550  volts  at  full  load.  The  three  machines  would  be 
joined  in  parallel  to  the  omnibus  bars,  and  would  be  able  to 
respond  generally  to  an  increase  in  the  total  load,  but  would  not 
be  able  to  keep  up  the  required  pressure  on  any  one  feeder 
circuit  which  might  for  the  moment  be  overloaded.  Even  if  they 
could  do  this,  the  result  would  be  to  apply  an  excessive  voltage 
to  the  feeders  which  were  not  overloaded.  The  function  of 
a  booster  set  is  to  produce  the  required  effect.  The  dynamo  part 
of  the  booster  should  be  joined  directly  in  one  of  the  feeder 
circuits,  and  the  motor  driving  it  should  be  a  shunt  machine 
connected  directly  across  the  mains,  and  therefore  driven  at 
a  constant  speed.  The  winding  of  the  generator  field-magnet 
should  be  such  that  the  machine  gives  the  maximum  additional 
e.m.f.  required,  say  20  volts,  when  the  current  in  the  feeder  is  at 
its  maximum  value.  This  pressure  of  20  volts  will  then  be  added 
to  that  particular  feeder  just  when  the  load  is  at  its  maximum,  and 
the  machine  should  be  approximately  self-regulating,  so  that  the 
number  of  volts  added  is  proportional  to  the  current  passing  through 
it,  and  therefore  also  proportional  to  the  load  on  the  feeder  circuit. 

Turning  now  to  the  methods  of  supporting,  protecting,  and 
insulating   the  conductors  for  lighting  circuits  we  immediately 
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observe  that  they  naturally  divide  themselves  into  two  classes,  viz. 
overhead  and  underground. 

The  overhead  system  has  the  advantage  of  cheapness  in  con- 
struction, and  it  affords  great  facilities  for  inspection  and  repair, 
and  for  subsequent  extensions.     It  is  therefore  employed  where 
the  local  conditions  permit  it,  where  the  current  employed  is  not 
so  heavy  as  to  require  a  very  massive  conductor,  and  where  the 
potential  difference  is  not  excessively  high.     The   system   has, 
however,  the  disadvantage  that  the  insulation  is  liable  to  con- 
siderable variation  with  weather  changes.     This  can  to  a  great 
extent  be  prevented  by  good  construction  and  the  employment 
*^>f  properly  designed  *  insulators.'    A  series  circuit  lends  itself 
^-«adily  to  the  employment  of  overhead  mains,  since  the  current  is 
yjri  such  cases  constant,  and  rarely  exceeds  10  amperes.     A  very 
^  ^Tiall  wire  would  be  sufficient  to  carry  such  a  current,  but  the  size 
-  ^    really  determined  more  by  mechanical  than  electrical  necessities, 
~ i-^r  example,  a  wire  of  No.  12  s.w.g.  would  carry  a  10-ampere 
^3  r rent  with  safety,  but  a  No.  8  or  even  a  heavier  wire  is  actually 
^ed  to  give  the  necessary  strength.     All  overhead  bare  conductors 
*ist  be  of  hard-drawn  copper  in  order  to  obtain  the  requisite 
echanical  strength.     Ordinary  pure  copper  is  comparatively  soft, 
i^d  in  a  span  of  any  considerable  length  cannot  sustain  its  own 
vr  eight ;  while  in  a  gale  the  wind  pressure  enormously  increases 
tYie  stress  upon  the  wire.     It  is  now  possible  to  obtain  pure 
copper  wire  having  a  breaking  weight  of  from  28  to  30  tons  per 
square  inch ;  the  high  tenacity  is  obtained  solely  by  the  molecular 
arrangement  given  to  the  particles  during  the  process  of  drawing. 
and  if  the  copper  is  really  pure,  the  increase  in  resistance  due  to 
the  hardening  should  barely  exceed  2  per  cent.     The  wire  should 
be  subjected  to  severe  tests  before  it  is  accepted  for  erection.     In 
•  addition  to  tests  for  tensile  strength,  uniformity,  and  freedom  from 

I  flaws,  &c,  its  ductility  should  be  proved.     It  should  be  capabk 

of  being  wrapped  in  six  turns  round  wire  of  its  own  diameter, 
j  unwrapped,  and  again  wrapped  in  six  turns  round  wire  of  its  own 

I  diameter  in   the  same  direction  as  the  first  wrapping,  without 

breaking ;  and  should  also  be  capable  of  bearing  a  number  of 
twists  without  breaking.  The  twist-test  should  be  made  by 
gripping  the  wire  between  two  vices,  one  of  which  should  be  made 


chap,  xvn 


Overhead  Conductors 


795 


to  revolve  at  a  speed  not  exceeding  one  revolution  per  second. 
The  twists  thus  given  to  the  wire  can  be  counted  by  means  of  an 
ink  mark  made  along  the  wire  before  twisting,  which  forms  a  spiral 
round  the  wire  as  a  consequence  of  the  torsion.  The  number  of 
twists  is  of  course  determined  by  the  number  of  convolutions  in 
the  ink  spiral  between  the  vices.  The  following  table  refers  to 
a  few  wires  which  are  available  for  overhead  work. 


Weight  per 
statute  mile 

Approximate 

equivalent 

diameter 

Minimum 
breaking  strain 

Minimum 
number  of  twists 

Resistance  per 
mile  at  6o°  Fahr. 

1                               1 

lbs. 
800 

inches 
02237 

lbs. 
2400 

1 

1     if15 

ohms 
1*098            1 

600 

01937 

1800 

j|"° 

1465 

400 

0*1582 

1250 

1  25 

2197 

300 

01370 

950 

"V 

2-929 

200 

01119 

650 

ja 

20 

"4'394 

I50 

0*0969 

490 

0 
c  . 

25 

1          5*858 

IOO 

0*0791 

330 

.5    3* 

8787 

Bare  conductors  are  supported  on  insulators  which  are  in  lurn 
supported  by  poles  either  of  iron  or  wood,  according  to  local 
circumstances. 

Insulators  can  be  made  from  a  variety  of  substances,  but  for 
climatic  and  other  cogent  reasons,  white  glazed  porcelain  is  the 
best  and  is  most  frequently  employed.  The  chief  requirements 
are  hardness,  smoothness, 'and  imperviousness  to  moisture,  and 
lacking  either  of  these,  the  insulator  is  practically  useless.  It 
should  be  hard  in  order  to  resist  abrasion  by  the  wire ;  it  should 
be  smooth,  to  prevent  the  accumulation  of  dust  and  dirt,  to 
facilitate  cleansing  by  rain,  and  to  avoid  the  unnecessary  wearing 
away  of  the  conductor ;  and  it  should  be  impervious  to  moisture, 
in  order  that  the  rain  should  fall  off  instead  of  entering  the  pores 
of  the  substance  and  reducing,  more  or  less  permanently,  its 
insulating  properties. 

Porcelain  varies  very  considerably  both  in  its  constitution 
and  in  its  manufacture.  Some  kinds  are  almost  spongy,  and 
as  the  glaze  covers  the  insulators  there  is  no  possible  means  of 
testing,  except  by  breaking  them.     The  glaze  often  cracks  after 
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a  few  months'  use,  or  it  may  even  be  chipped  by  careless  handling 
before  the  insulator  is  finally  fixed  in  position,  and  then,  if  the 
interior  is  at  all  porous,  it  absorbs  moisture,  and  so  loses  b 
insulating  properties.  When  perfect,  it  is  undoubtedly  the  bca 
insulator  available,  although  for  tramway  purposes  a  speciil 
materia]  known  as  ambroine  is  generally  used. 

It  must  further  be  pointed  out  that  the  insulator  should  be 
sufficiently  strong  to  withstand  the  maximum  stress  likely  to  be 
imposed  upon  it  by  the  wire.  When  all  is  quiet  the  insulator  his 
Fig.  .,t  simply  to  bear  the  weight  of  half  the  spin  oi 

wire  on  either  side  of  it,  but  when  there  is  much 
wind  the  strain  is  increased  considerably  by  ihe 
swaying  of  the  wire. 

In  the  case  of  a  sound  insulator,  practical:; 
all  the  leakage  takes  place  over  the  surface ;  and 
in  order  to  make  the  path  taken  by  the  leakage 
current  as  difficult  as  possible,  it  is  necessary  to 
so  design  the  insulator  that  that  path  shall  ban 
the  maximum  length,  with  the  minimum  am  « 
surface  between  the  wire  and  the  steel  bolt  a 
spindle  supporting  it. 

Considering  the  fact  that  the  e.m.f.  in  r 
electric  lighting  or  power  circuit  iscomparaiin-} 
high,  it  is  pre-eminently  essential  that  the  inscii 
lion  should  be  of  the  best ;  parsimony  in  ufc 
respect  is  very  likely 'to  prove  but  the  foreruw* 
When  the  line  is  straight,  so  tliat  normally  thert ■•■ 
i,  and  the  conductor  is  not  more  than  a  quartf 
of  an  inch  thick,  the  porcelain  insulator  illustrated  in  fig.  j;i ;1 
suitable.  This  insulator  consists  of  a  double  'cup'  manufacture! 
in  one  piece  ;  the  inner  cup  is  shielded  from  rain  by  the  o»to 
one,  and  the  length  of  the  surface  between  the  conductor  and -it 
supporting  bolt  is  considerable.  The  peculiarity  about  it  is  tht! 
it  is  provided  with  an  open  coarse  screw-thread  by  mean*  & 
which  it  is  screwed  on  to  the  bolt,  which  in  its  tum  is  (wrmaiwJ 
fixed  to  the  arm  or  bracket  on  the  pole.  An  indiarubber  wash.- 
placed  above  the  shoulder  a  at  the  bottom  of  the  thread  on  n 
bolt,  allows  the  insulator  to  be  screwed  on  ti«ht  without  invokm. 


of  disaster. 
no  lateral  ; 
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a  risk  of  splitting  it  or  stripping  its  thread.  The  principal 
advantage  pertaining  to  the  use  of  a  screw  bolt  is  that,  in  the 
event  of  fracture,  the  insulator  itself  can  be  replaced  without 
necessitating  the  removal  of  the  bolt.  The  conductor  should  be 
laid  in  the  groove  of  the  insulator  and  securely  bound  in  position 
with  soft  thin  wire  of  the  same  material  as  the  conductor  itself. . 
Hard  wire  is  not  suitable  for  binding  wire,  as  its  springiness 
prevents  its  remaining  exactly  in  the  position  in  which  it  is  placed, 
tight  against  the  main  wire.  Experience  has  also  shown  that  it  is 
advantageous  to  wind  a  length  of  copper  tape  over  the  line  wire 
before  the  binder  is  wound  on. 

When  an  insulated  aerial  conductor  is  used,  as  is  sometimes 
the  case  for  lighting  and  other  similar  purposes,  it  cannot  be 
attached  to  the  insulators  direct,  because  the  friction  which  is 
always  at  work  would  speedily  cause  the  abrasion  of  the  insulating 
material,  and  that  at  the  very  point  where  complete  insulation  is 
sought — viz.  at  the  insulator  itself.  There  is  also  the  further  diffi- 
culty that  an  ordinary  covered  cable  with  an  annealed  conductor 
has  not  sufficient  tensile  strength  to  enable  it  to  support  its  own 
weight,  without  stretching,  in  a  span  of  any  considerable  length. 
In  such  cases  a  steel  wire  or  rope  is  secured  to  the  insulators, 
and  from  this  the  cable  is  supported  by  means  of  a  number  of 
raw  hide  suspenders  at  intervals  of  a  few  feet. 

One  of  the  most  important  details  in  connection  with  the 
running  of  electrical  conductors  is  that  of  jointing.  The  chief 
features  which  should  pertain  to  a  well-made  joint  are,  that  the 
electrical  continuity  should  be  fully  maintained  ;  that  its  me- 
chanical strength  should  be  at  least  equal  to  that  of  the  conductor 
itself;  that  no  free  ends  should  be  left  on  the  finished  joint;  that 
it  should  be  durable  both  electrically  and  mechanically ;  that  it 
should  be  as  compact  as  possible,  and  that  with  a  covered  wire 
the  insulating  coating  should  be  made  continuous  and  as  uniform 
as  possible. 

For  bare  solid  conductors  up  to  a  quarter  of  an  inch  or  so 
in  diameter  there  is  no  better  joint  than  that  known  as  the 
*  Britannia/  Fig.  372  illustrates  a  joint  of  this  kind.  The  ends 
of  the  two  hard-drawn  conductors  are  carefully  cleaned  and  laid 
side  by  side  for  a  distance  of  about  three  inches.     The  binding 
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wire  is  then  wound  tightly  over  them,  commencing  perferably  it 
the  middle  of  the  joint,  and  working  towards  each  end  in  turn, 
a  few  convolutions  being  wound  over  the  single  wire  at  each  end 
of  the  joint.  The  joint  is  finished  by  carefully  and 
completely  soldering  it  into  one  mass,  care  being 
taken  to  avoid  overheating  it.  If  properly  made, 
such  a  joint  is  stronger  than  the  conductor  itself; 
in  most  cases,  however,  it  is  found  that  the  con- 
ductor on  each  side  of  the  joint  is  slightly  weakened 
by  being  heated  during  the  process  of  soldering,  and 
a  break  will  generally  take  place  at  one  of  these 
points  rather  than  in  the  joint  itself.  In  jointing 
the  larger  sizes  of  solid  wires  it  is  frequently  the 
practice  to  place  a  short  length  of  thin  tinned  wi* 
between  the  two  conductors  on  each  side  of  the 
joint  so  as  to  facilitate  the  running  of  the  solder 
and  the  solidification  of  the  joint. 

The  method  of  jointing  a  covered  stranded 
conductor  is  simple.  Supposing  it  to  be  a  7-wire 
strand  ;  the  insulating  covering  is  removed  from 
each  end  for  a  distance  of  a  few  inches,  care  being 
taken  to  avoid  nicking  the  copper  or  scraping  away 
the  tin.  All  the  separate  wires  are  then  opened 
out,  and  the  centre  wire  on  each  of  the  ends  to  be 
joined  is  cut  off  short.  The  two  sets  of  wire  are 
next  brought  end  to  end,  and  laced  together,  just 
as  would  happen  if  the  two  hands  were  placed 
palm  to  palm,  and  the  fingers  of  one  hand  placed 
between  those  of  the  other.  This  being  done,  the 
■  protruding  ends  of  each  conductor  are  wrapped 
closely  round  the  other,  the  two  wrappings  being 
in  opposite  directions.  The  joint  is  then  trimmed 
round  with  the  pliers,  and  the  whole  well  soldered 
together.  The  soldering  is  a  more  important 
matter  than  would  at  first  sight  appear,  since  the  solder  is  relied 
upon  to  maintain  the  electrical  continuity.  Every  care  should 
therefore  be  taken  that  the  conductor  surfaces  are  thoroughly 
cleaned  before  making  the  joint,  that  they  are  not  handled  mort 
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than  is  absolutely  necessary,  and  it  is  advisable  to  employ  only 
resin  as  a  flux.  The  conductor-joint  having  been  completed, 
the  insulating  covering  is  then  made  good.  When  the  in- 
sulating material  is  indiarubber,  pure  rubber  strips  are  tightly 
wound  over  the  conductor  in  several  layers,  followed  by  a  layer 
of  prepared  rubber  tape,  cemented  together  by  a  small  quantity 
of  indiarubber  solution.  To  make  the  joint  thoroughly  reliable 
the  covering  should  be  vulcanised,  which  may  be  effected 
by  immersion  for  about  twenty  minutes  in  a  bath  of  sulphur 
gradually  raised  from  just  above  its  melting-point  to  a  temperature 
of  1 540  C,  and  then  for  ten  minutes  in  a  bath  of  ozokerit,  which 
is  raised  from  1540  C.  to  1640  C.  Whatever  process  may  be 
employed,  the  vulcanising  of  a  joint  after  wires  or  cables  are  laid 
in  position  is  a  difficult  and  inconvenient  operation,  and  it  is 
frequently  ineffectively  performed,  while  there  is  always  the  dis- 
advantage that  the  rubber  covering  for  a  short  distance  on  each 
side  of  the  joint  becomes  over-vulcanised.  Consequently  joints 
are  avoided  as  far  as  possible,  and  when  absolutely  necessary 
they  are  usually  insulated  in  a  more  or  less  temporary  manner,  as 
indicated  above,  by  means  of  pure  or  unvulcanised  rubber  strip 
and  tape.  When  the  conductor  is  to  be  placed  in  an  inaccessible 
position,  such  as  in  a  channel  in  a  wall,  or  under  the  floor,  a  con- 
tinuous length  without  joint  should  invariably  be  employed. 

When  the  conductors  are  to  be  laid  underground,  the  chief 
difficulty  to  be  contended  with  is  the  provision  of  efficient  and 
durable  insulation.  The  simplest  method  is  to  support  the 
bare  conductor  at  intervals  by  suitable  insulators,  fixed  in  a 
suitable  channel  or  culvert.  The  maximum  permissible  distance 
between  the  insulators  depends  either  upon  the  rigidity  of  the 
conductor  or  upon  the  tension  which  it  can  withstand.  Since 
every  insulator  is  a  point  of  leakage,  it  is  obviously  necessary 
that  the  number  of  these  points  should  be  reduced  as  far  as 
possible. 

Long  experience  with  underground  chambers  and  channels, 
such  as  are  employed  for  many  other  purposes,  has  shown  that  it 
is  impossible  to  prevent  the  accumulation  of  water  within  them  ; 
hence  it  is  a  necessity  that  the  conduit  be  well  drained,  and  good 
drainage  should  be  supplemented  by  ample  ventilation.    Even  were 
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a  conduit  to  be  made  watertight,  there  would  still  be  sufficient 
moisture  caused  by  the  condensation  to  oxidise  the  ironwork, 
and  to  make  the  surfaces  of  the  insulators  damp. 

It  will,  however,  be  evident  that  were  the  pipe  or  channel  con- 
taining the  conductors  filled  with  some  good  liquid  insulating 
material,  this  accumulation  of  moisture  with  the  attending  dis- 
advantages would  be  avoided ;  and  prolonged  experiments  havt 
been  made  with  heavy  petroleum,  but  the  results  have  not  justified 
its  adoption,  and  the  only  effective  method  of  insulating  under- 
ground conductors  is  to  cover  the  copper  with  some  durable  solid 
substance  of  high  specific  resistance,  such  as  indiarubber,  bitumen, 
or  paper. 

In  all  such  cases  it  is  essential  not  only  to  efficiently  insulate 
the  conductor,  but  also  to  protect  the  insulating  covering  from 
deterioration  by  exposure,  and  to  protect  the  whole  cubic 
from  mechanical  injury.  When  these  points  are  very  carefully 
attended  to,  an  installation  with  insulated  underground  cables  tor 
the  mains  is  very  reliable,  and  gives  little  or  no  trouble  in  main- 
tenance. But  carelessness  in  manufacture  or  laying,  or  the  u*e 
of  inferior  materials,  gives  rise  to  troublesome  and  often  very 
expensive  repairs. 

There  is  still  a  tendency  towards  false  economy  in  this 
matter.  A  thin  covering  of  the  insulating  material  is  placed  orei 
the  conductor,  and  when  new  and  absolutely  perfect,  the  insulation 
may  test  higher  than  is  actually  essential  in  practice.  But  tht 
slightest  indentation  or  abrasion  of  the  covering,  such  as  ma> 
easily  happen,  and  does  happen,  in  handling  during  the  process  c:' 
laying,  even  if  it  does  not  quite  expose  the  copper,  leaves  such 
a  weak  spot  that  the  development  of  a  'fault'  there  becomes  only 
a  question  of  time.  The  insulating  covering,  of  whatever  material, 
should  be  of  reasonable  thickness,  not  so  much  for  the  purpose 
of  obtaining  an  extremely  high  initial  insulation-resistance,  as  to 
ensure  its  maintenance  at  a  fairly  good  value. 

Guttapercha  must  not  be  used.  If  not  exposed  to  light  anu 
air,  it  is  practically  imperishable,  but  it  quickly  cracks  and  perishes 
if  employed  in  a  dry  airy  situation ;  the  great  objection  to  it  k 
that  it  softens  at  a  comparatively  low  temperature,  and  hence 
allows  the  conductor  to  become  decentralised  when  heated  bj  the 
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current.  Generally  speaking,  indiarubber  is  the  best  material 
available  for  insulating  purposes ;  but  really  good  indiarubber  is 
expensive,  hence  a  large  number  of  substitutes  have  been  tried. 

Bitumen  is  a  good  insulating  material,  but  it  softens  at  a  low 
temperature,  and  even  at  normal  temperatures  it  is  so  plastic  that 
the  weight  of  the  conductor  itself  would  cause  it  to  sink  through 
the  coating.  The  processes  employed  by  the  Callender  Bitumen 
Company  overcome  these  objections.  The  material  is  vulcanised 
or  treated  with  sulphur,  with  the  result  that,  while  retaining  its  high 
insulating  properties,  it  becomes  sufficiently  rigid  to  hold  the 
conductor  permanently  in  position,  even  though  the  temperature 
be  considerably  raised.  The  conductor  is  usually  of  stranded 
copper  wire,  tinned  to  protect  it  from  the  sulphur.  It  is  first 
coated  with  a  sheath  of  the  vulcanised  bitumen,  applied  under 
heavy  pressure  in  one  solid  layer  to  the  required  thickness.  This 
sheathing  is  then  covered  with  cotton  tape  treated  with  bitumen, 
the  number  of  layers  ranging  from  one  to  five ;  the  cable  is  passed 
through  a  bath  of  hot  compound  after  each  serving  of  tape.  The 
next  process,  for  underground  cables,  is  to  apply  a  coating  of  jute 
yarn,  and,  after  another  passage  through  the  bath,  to  cover  it  with 
hemp  braid.  Most  of  the  cables  are  subjected  to  this  treatment, 
the  higher  degrees  of  insulation  being  obtained  by  increasing 
the  thickness  of  the  dielectric — that  is,  of  the  vulcanised  bitumen. 
For  the  smaller  cables,  such  as  are  employed  for  indoor  work,  a 
layer  of  parchment  tape  is  interposed  between  the  conductor  and 
the  bitumen. 

For  extensive  underground  systems  the  cables  are  either 
drawn  into  a  series  of  earthenware  conduits  or  ducts,  or  are  laid 
in  troughs  of  wood  or  other  suitable  material,  and  then  filled  in 
solid  with  hot  bitumen.  In  the  solid  system  the  cable  is  supported 
by  tapes  or  wedges  so  that  the  bitumen  can  flow  under  and  all 
round  them.  An  iron  cover  or  a  layer  of  fine  concrete  is  provided 
as  a  protection  against  picks  and  other  similar  sources  of  danger. 
It  may  be  urged  as  an  objection  to  this  system  that,  the  cables 
having  been  once  laid,  cannot  in  the  event  of  a  fault  occurring  be 
withdrawn  ;  but,  on  the  other  hand,  the  system  permits  of  such 
good  work  being  put  in  that  the  chances  of  a  breakdown  can  be 
made  very  remote. 

3*' 
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Paper  is  now  being  very  freely  employed  as  an  insulator  for 
electric  light  and  power  cables.  The  conductor  is  wrapped  with 
strips  of  specially  prepared  tough  paper,  Manila  paper  being 
generally  selected  for  the  purpose.  This  is  impregnated  with  resin 
oil  compound  in  order  to  fill  up  the  pores  of  the  paper,  and  pre- 
vent a  further  absorption  of  moisture.  The  impregnated  paper 
used  by  the  British  Insulated  and  Helshy  Cables  Company  has  a 
breaking  strain  of  not  less  than  9000  lb.  per  square  inch  cross- 
section.  The  paper-covered  conductor  is  encased  in  a  lead 
sheathing,  and  so  long  as  this  sheathing  remains  intact  good  results 
are  obtained,  but  of  course  a  pin-hole  is  quite  enough  to  ruin  the 
insulation  of  the  cable.  Sufficient  experience  has,  however,  no* 
been  obtained  in  the  manufacture 
and  laying  of  these  cables  to  ensure 
satisfactory  results,  and  as  the 
specific  inductive  capacity  of  piper 
is  much  lower  than  that  of  india- 
rubber  or  of  any  other  of  the  usual 
insulating  materials,  the  cables  are 
especially  suitable  for  use  with 
alternating  currents. 

Main  cables  for  alternating 
currents  are  generally  made  wrtb 
both  conductors  placed  concen- 
trically inside  one  sheathing,  as 
!  effect  on  neighbouring  telegraph, 
ars  is  neutralised  ;  and  further,  by 
putting  both  conductors  in  one  sheathing,  the  loss  of  power  due 
to  induced  currents  in  the  sheathing  itself  is  avoided 

The  conductors  for  a  thiee-wire  service  are  usually  made  up 
into  a  single  cable,  frequently  in  the  concentric  form.  In  other 
cases,  more  particularly  for  high-tension  work,  each  of  the  three 
conductors  consists  of  a  strand  of  copper  wires  separately  insulated 
The  former  type  is  illustrated  in  fig.  373.  It  will  be  seen  that  the 
central  conductor  consists  of  a  strand  of  round  copper  wires,  while 
each  of  the  two  others  consists  of  a  single  layer  of  copper  strip 
The  resistances  of  the  two  inner  conductors  which  form  the  two 
outers  of  a  three-wire  system  are  equal,  but  the  resistance  of  the 
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outer  layer  is  usually  much  higher.  This  outer  conductor  forms 
the  middle  or '  neutral '  conductor  in  the  system  and  is  frequently 
earthed.  The  paper  is  wound  on  and  the  cable  is  then  dried 
at  a  temperature  not  exceeding  275°  F.,  after  which  it  is  placed 
in  the  impregnating  tank  at  a  temperature  of  2500  F.  It  is  then 
transferred  to  the  hydraulic  lead  press  and  sheathed.  The  other 
type  of  three-core  cable  is  illustrated  in  fig.  374,  in  which  the 
three  conductors  are  separately  served  with  paper  insulation,  and 
the  whole  are  then  enclosed  in  a  single  lead  sheath.  When  a 
cable  is  to  be  drawn  into  a  smooth  pipe  or  conduit,  no  further 
protection  is,  as  a  rule,  required,  but  in  some  cases  the  cable 
is  laid  direct  on  the  ground  or  in  situations  where  mechanical 
protection  is  necessary.  This  is 
afforded  by  coating  the  lead  with 
a  layer  of  jute  yarn  treated  with 
compound  and  then  armoured,  as 
shown  in  fig.  374,  with  a  layer  of 
galvanised  iron  wire.  In  cases 
where  no  provision  against  stretch- 
ing is  required,  or  where  tensile 
strength  is  not  an  essential  feature, 
an  armouring  consisting  of  two 
layers  of  steel  tape  is  provided, 
and  is,  if  anything,  more  effective 
than  the  wire. 

Wires  inside  a  building  must  be  efficiently  protected  to  avoid 
damage  or  accident,  as  well  as  to  maintain  the  insulation.  It  is 
usual  to  run  the  wires  either  in  iron  tubing  or  along  parallel 
grooves  in  a  wood  casing.  When  in  the  latter  case  it  is  necessary 
for  one  wire  to  cross  another,  a  slip  of  wood  is  interposed.  The 
casing  can  be  made  in  a  variety  of  forms,  and  if  necessary  can 
match  the  moulding  or  cornice,  but  the  employment  of  iron 
barrel  or  tubing  for  indoor  wiring  is  much  to  be  preferred  and 
is  rapidly  extending  ;  it  is  a  method  which  ensures  immunity  from 
damage,  and  offers  the  great  advantage  that  it  may  be  buried  in 
plaster  or  brickwork  without  the  risk  of  injury  from  nails,  &c, 
driven  into  the  wall.  Of  course  it  is  essential  that  the  conductor 
should  be  absolutely  free  from  joints  inside  the  iron  barrel.     In 
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some  quarters  considerable  importance  is  attached  to  the  pro- 
vision of  an  insulating  lining  in  iron  or  steel  tube  work,  but  it 
is  better  to  put  the  insulating  material  on  the  wire  than  on  the 
tube.  If  the  wire  is  well  insulated,  an  insulating  lining  is 
unnecessary ;  if  the  wire  is  poorly  insulated,  the  sooner  it  breaks 
down,  and  the  more  decidedly  it  breaks  down,  the  better.  The 
tubing  should  be  metallically  connected  throughout  the  system 
and  should  always  be  connected  to  earth. 

Indiarubber  covered  with  braided  hemp  or  cotton  forms  about 
the  best  material  for  insulation  for  indoor  work. 

Coming  now  to  the  question  of  electric-traction  circuits,  it  may 
fre  said  that  there  are   three   distinct  methods   of  running   the 
^^nductor.     In  the  first  place  it  may  be  carried  on  insulators  in 
conduit  constructed  between  the  rails,  the  collector  or  trailer 
^lich  makes  the  necessary  sliding  contact  passing  down  through 
slot  in   the   top   of  the  conduit.     This  method   has  distinct 
vantages,  but  as  the  slot  must   necessarily  be  narrow,  it  is  a 
~I  -  ^=}icult  matter  to  maintain  the  insulation  of  the  trailer  from  the 
<*res  of  the  slot,  and,  further,  the  conduit  is  liable  to  be  choked 
with   rubbish,  water,  snow,  &c.     Consequently,  in    order  to 


^ke  the  system  effective,  the  initial  outlay,  as  well  as  the  cost  of 
^gjntenance,  becomes  almost  prohibitive.  It  is  manifest  ah* 
yyoX  it  is  extremely  difficult  to  arrange  satisfactory  crossings  for 
tY\e  lines,  and  further,  that  the  permissible  potential  is  limited. 

The  second  method,  in  which  a  third  rail  insulated  throughout 

its  entire  length  is  run  between  the  two  car-wheel  rails  and  at  a 

little  higher  level,  possesses  none  of  the  above  disadvantages,  but 

of  course  it  cannot  be  made  use  of  in  a  street  or  where  any  other 

traffic  is  required  to  pass  over  the  road.     It  is  the  system  usually 

adopted   on  an  overhead  or    an   underground   railway,    and  a 

pressure  of  500  or  600  volts  may  safely  be  employed  when,  as  is 

the  case  in  England,  only  authorised  persons  have  access  to  the 

line.     The  rails  under  this  system  are  usually  employed  for  the 

return  lead,  but  great  care  has  to  be  taken  in  electrically  binding 

the  several  lengths  of  rail  together.     The  outer  or  running  rails 

should  be  effectively  '  earthed.'    The  middle  or  *  live '  rail  must 

be  higher  than  the  running  rails,  otherwise  the  trailer  or  contact- 

rnaker  hanging  from  the  motor  truck  might  foul  the  running  rail* 
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at  a  crossing,  and  there  would  also  be  some  risk  of  putting  the 
live  rail  direct  to  earth. 

For  ordinary  street  tramway  work,  and  quite  as  much  so  for 
railway  work,  the  ideal  system  from  an  engineering  point  of  view 
is  without  doubt  that  in  which  an  overhead  conductor  is  employed. 
This  conductor  usually  consists  of  a  hard- drawn  copper  wire 
usually  of  round  section,  but  sometimes  wires  of  other  sections 
are  employed.  The  following  table  gives  particulars  of  the  round 
wires  generally  adopted. 


_        ,     ,      Standard 
Gauge     Standard    weignt  per 
diameter  *Ue*~ 


o 

00 

000 

0000 


in. 

324 
348 
372 
'400 


lb. 

1678 
1936 
2212 

2557 


Resistance 

per  mile 

in  ohms  at 

6o°  F. 


•5132 
•4448 

•3893 
3367 


Breaking  strain 


Lb. 


Min. 


Max. 


4435  ,  4620 

4900  I  5320 

5600  6100 

6330  1  6890 


Tons  per  square 
inch 


Min. 

24 

23 

23 
225 


Max. 

25 
25 
25 
24*5 


The  trolley  wire  is  suspended  at  frequent  points  throughout  its 
length  from  specially  designed  insulators,  which  in  their  turn  are 
supported  either  from  horizontal  arms  projecting  at  right  angles 
from  poles  fixed  at  the  side  or  middle  of  the  road,  or  from  '  span- 
wires.'  These  span-wires  usually  consist  of  stranded  galvanised 
iron  or  steel  wire  rope  supported  between  two  poles,  one  on  each 
side  of  the  road.  In  fig.  375  is  illustrated  the  method  of  support- 
ing the  conductors  from  a  stout  tubular  steel  arm,  which  is  attached 
to  and  supported  by  an  iron  or  steel  standard  on  the  pavement 
or  on  the  side  of  the  road.  The  hanger  illustrated  is  made  by 
Messrs.  Dick,  Kerr  &  Co.  The  two  trolley  wires  a  and  b%  one  for 
the  up  line,  and  the  other  for  the  down  line,  are  secured  to  the  bolts 
which  are  cemented  in  the  insulator  cups  c  and  d.  These  insu- 
lators are  secured  to  flexible  couplings  which  are  supported  by 
clamps  attached  to  the  bracket,  an  insulating  sleeve  being  usually 
placed  between  the  clamp  and  the  bracket.  These  sleeves  are, 
however,  of  little  service,  as  after  a  short  time  they  become 
covered  with  dust,  or  in  town  districts  with  soot,  and  then, 
especially  in  damp  weather,  the  resistance  between  the  clamp  and 
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tbe  bracket  is  very  low,  if  not  altogether  negligible.  Where  space 
permits,  the  neatest  arrangement  is  to  fix  tubular  iron  or  steel 
poles  in  the  middle  of  the  road  between  the  up  and  down  lines,  an 
arm  projecting  from  each  side  to  support  the  insulators  in  such 
a  way  that  the  conductors  are  suspended  immediately  over  tbe 
track.  Connection  is  made  between  the  conductor  and  the  car 
by  means  of  a  light  arm  or  pole  either  of  wood  or  tubular  steel, 
which  is  carried  on  the  roof  of  the  car,  and,  by  means  of  a  flexible 
joint  and  a  number  of  suitably  disposed  spiral  springs,  is  allowed 
sufficient  freedom  of  motion  to  readily  follow  the  conductor.  The 
upper  end  of  the  arm  carries  a  grooved  wheel  of  brass  or  gun- 
metal,  known  as  the  trolley-wheel,  and  the  conductor  lies  in  the 


Fig.  375 


deep  groove  of  the  wheel,  which  is  pressed  upwards  by  the  springs 
at  the  base  of  the  pole  with  sufficient  force  to  make  good  contact 
There  are  many  modifications  of  this  arrangement  (sometimes, 
indeed,  a  sliding  shoe  is  employed  instead  of  the  wheel),  but  good 
results  are  obtained  with  a  gun  metal  wheel  insulated  from  tbe 
top  of  the  arm,  the  current  being  collected  from  the  wheel  by 
means  of  a  brush  or  flat  spring  pressing  against  it,  and  carried 
down  through  the  hollow  arm  by  a  heavily  insulated  wire  to  tbe 
controlling  switch.     The  arm  stands  backward  at  an  angle  of 
rather  less  than  45  °,  and  a  cord  is  attached  to  its  free  end,  by 
means  of  which  it  can  be  pulled  down  and  the  trolley-wheel 
replaced  in  position  should  it  at  any  time  leave  the  conductor. 
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Of  course  extremely  careful  construction  and  frequent  inspec- 
tion in  the  case  of  the  overhead  conductors  are  essential,  in  order 
to  avoid  any  accident  to  life  or  property,  which  might  result  from 
one  or  more  of  the  conductors  giving  way  either  through  wear  or 
failure  of  the  supports.     The  pressure  is  usually  about  500  volts, 
and  although  a  continuous  current  is  employed,  such  a  pressure 
with  a  large  generating-station  plant  behind  it  must  always  be 
very  dangerous  in  the  event  of  a  '  trolley  wire '  falling  near  to  or 
on  the  ground.     There  is  also  one  other  danger  consequent  upon 
the  existence  of  a  large  number  of  overhead  telephone  and  tele- 
graph wires.     These  wires  are   led  into   private  houses,  offices, 
warehouses,  &c. ;  they  are  usually  of  comparatively  thin  wires  and 
frequently  the  spans  are  long.     Were  such  wires  to  break  and  fall 
across  the  trolley  wires,  the  full  pressure  of  the  generator  would, 
a       until  the  thinner  wire  melted,  be  conveyed  to  the  building  in 
which  the  telephone  or  telegraph  wire  terminates,  and  serious 
damage  might  easily  ensue.     Much  care  has  been  bestowed  upon 
p      the  methods-  to  be  adopted  in  order  to  avoid  accidents  of  this 
I      character,  and  as  the  telephone  and  telegraph  wires  are  necessarily 
run  at  a  higher  level  than  the  trolley  wires,  the  practice  has  been 
generally  adopted  of  running  steel   '  guard  wires '  above    and 
parallel  to  the  trolley  wires.    These  guard  wires  should  be  earth- 
connected  so  that,  should  an  accident  of  the  nature  referred  to 
occur,  and  should  the  telephone  wire  coil  round  into  contact 

#  with  the  trolley  wire,  the  generator  shall  be  *  put  to  earth '  rather 

#  than  be  joined  electrically  to  the  building  served  by  the  broken 
wire. 

The  earthing  of  the  trolley  wire  through  the  guard  wire  also 
^  has  the  effect  of  sending  a  too  heavy  current  from  the  generator, 
and  a  magnetic  cut-out  or  a  safety-fuse  should  be  placed  in  the 
^'  circuit,  so  that  the  trolley  wire,  or  a  particular  section  of  it,  is  dis- 
^;  connected.  This,  of  course,  results  in  a  temporary  breakdown  of 
*r      the  tramway  system. 

&  It  should  be  manifest  that  when  a  number  of  cars  are  connected 

&  in  parallel  between  the  overhead  conductor  and  earth,  the  current 
a" '  sent  out  from  the  generating  station  may  reach  a  high  value,  and 
$*'  if  the  overhead  conductor  alone  were  relied  upon  to  transmit  the 
$      whole  of  the  current  thus  sent  out,  the  fall  of  potential  therein 


4 


8o3 


Electrical  Engineering 


would  be  considerable,  and  the  pressure  applied  to  the  motor 
terminals  at  the  far  end  of  the  line  would  be  much  less  than 
that  at  the  near  end.  Even  if,  as  is  sometimes  the  case,  the 
generators  are  com  pound -wound  machines  and  over-corn  pounded 
in  order  that  the  e.m.f.  developed  may  rise  above  the  normal 
when  a  heavy  current  is  being  sent  out,  there  must  still  be  the 
same  difference  in  the  pressure  at  the  extreme  ends  of  the  lint 
The  best  way  of  overcoming  this  difficulty  is  to  employ  a  system 
Fin  76  °^  ^ee(^ers — tnat  's  to  say>  to  Tun  a  number  of 
supplementary  conductors  from  the  generating 
.  station,  and  connected  to  the  overhead  conductor 
at  various  points  along  the  line.  These  feeders 
are  usually  run  underground,  and  when  they  are 
made  use  of,  not  only  can  the  pressure  throughout 
the  line  be  maintained  at  a  more  uniform  value, 
but  it  then  becomes  possible  to  divide  the  line 
into  sections,  which  can  be  electrically  separated 
from  each  other  by  means  of  suitable  switches. 
so  that  a  breakdown  in  any  one  section  means 
a  complete  stoppage  in  that  section  only.  The 
feeders  are  usually  connected  to  pillars  fixed  on  the 
pavement,  and  from  these  pillars  the  wires  are  led 
up  the  poles  to  the  adjacent  sections  of  the  line. 
A  sectional  view  of  one  '  unit '  of  one  of  these 
pillars,  of  the  Prescot  pattern,  is  illustrated  in 
fig-  376'  a  tt  is  an  insulating  tube  fitted  for  a 
three-wire  concentric  cable  c,  similar  to  the  one 
illustrated  in  fig.  373.  The  aperture  where  the  cable 
enters  is  closed  by  the  gland  d.  The  lead  is 
removed  from  the  cable  above  this  point,  and  the 
outer  or  neutral  conductor  is  connected  to  the '  bus- bar '  terminal  & 
The  second  or  middle  conductor  of  the  cable  is  similarly  con- 
nected to  the  negative  terminal  f,  and  beyond  this  point  there 
is  only  the  inner  conductor  (with  its  insulation),  this  conductor 
being  effectively  connected  to  the  positive  terminal  g.  The 
terminals  h  and  k  are  connected  to  the  positive  and  negative 
bus-bars  respectively,  and  the  circuits  to  those  bars  are  com- 
pleted by  inserting  the  safety-fuse  holders,  L  and  M.     From  the 
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by  driving  a  steel  plug  into  this  hole  the  end  of  the   bond  is 
expanded  and  good  connection  with  the  rail  is  thereby  ensured. 

Another  method  of  overcoming  the  difficulty  of  joints  in  die 
rails  is  to  electrically  *  weld '  the  ends  of  the  sections  of  the  rails 
together  and  thus  make  one  continuous  line.  This  has  the 
advantage  that  an  extremely  good  electrical  connection  is  main- 
tained throughout  the  whole  length  of  the  rail,  and  moreover  the 
cars  run  much  more  smoothly  on  a  track  in  which  the  rail  joints 
are  welded.  The  method  has  been  somewhat  extensively  tried. 
particularly  in  America,  but  it  has  been  found  that  since  the 
sections  of  the  line  are  not  free  to  expand  and  contract  with 
varying  temperatures,  the  metal  is  subjected  to  strains  of  such 
magnitude  that  they  sometimes  lead  to  rupture.  The  process  of 
electrical  welding  was  explained  in  Chapter  XIII. 

We  have  described  in   the  early  chapters  certain  pieces  of 
measuring  apparatus,  but  there  are  a  few  internal  fittings  to  which 
some  attention  must  be  paid.     Perhaps  the  most  important  of 
these  is  the  switch,  a  piece  of  apparatus  which  is  in  constant  use 
and  for  a  variety  of  purposes,  but  chiefly  to  form  a  ready  and 
expeditious  means  of  making  and  breaking  a  circuit     In  order 
that  a  switch  may  be  capable  of  efficiently  performing  its  functions, 
its  metallic  parts  must  be  sufficiently  massive  to  carry  the  required 
current  without  heating  or  offering  any  appreciable  resistance ;  the 
contact  surfaces  must  for  similar  reasons  be  of  ample  area ;  the 
moving  contact  piece  must  press  firmly  on  to  the  fixed  one ;  and 
simple  striking  contacts  must  give  place  to  rubbing  contacts,  to 
avoid  partial  insulation  through  accumulation  of  dust  and  metallic- 
oxide  films.     The  circuit  should  not  be  completed  through  the 
spindle  upon  which  the  arm  or  lever  travels,  as  dirt  and  dust 
are   liable  to  accumulate  at  the   bearing  surfaces,  and  in  time 
impair  the  efficiency  of  the  switch;  and  generally  speaking  h 
is  preferable  to  so  design  the  switch  that  the  end  of  the  levw 
shall  be  forced  between  two  contact  blocks  and  simply  join  them 
together. 

The  switch  should  be  so  constructed  that  there  is  the  minimum 
abrasion  and  wearing  compatible  with  good  and  certain  contact 
and  such  parts  as  do  wear  away  should  be  easily  adjustable  or 
cheaply  renewable,  so  as  to  permit  the  re-establishment  of  good 
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Contact.  In  all  cases,  but  more  especially  for  currents  of  high 
voltage,  the  lever  should  be  provided  with  a  handle  of  insulating 
material;  and  the  breaking  distance  through  which  the  arm 
travels  should  be  sufficient  to  prevent  a  spark  following  the  retreat- 
ing arm  and  setting  up  an  arc.  When  contact  is  broken,  the 
current  (especially  if  it  is  of  a  high  electro-motive  force,  or  if  the 
circuit  contains  any  apparatus  having  considerable  self-induction) 
sparks  across  a  portion  at  least  of  the  air  space  in  the  effort  to 
continue  its  course,  and  thereby  volatilises  a  portion  of  the  metal 
surfaces.  If  such  an  arc  has  been  once  established  its  main- 
tenance is  not  a  matter  of  great  difficulty ;  and  it  is  evident  that 
such  an  arc  is  quite  competent  to  start  a  serious  fire,  besides  in 
any  case  damaging  the  switch  contacts.  It  is  advisable  to  pro- 
vide a  snap-action,  so  that  the  lever  is  set  decidedly  either  on 
or  off  the  fixed  contact,  the  spring  being  so  arranged  that  the 
lever  is  jerked  quite  away  when  it  is  turned  almost  out  of  contact. 
The  terminals  should  never  be  so  placed  that,  in  turning  the 
handle,  there  is  any  chance  of  the  instrument  being  short-circuited 
by  the  operator's  hand.  The  base  of  the  instrument  should  be  of 
some  good  insulating  material,  not  liable  to  warping  or  appreciable 
expansion  or  contraction.  Wood,  therefore,  should  never  be  used. 
What  is  required  is  a  material  which  is  non-inflammable,  a  good 
insulator,  does  not  readily  condense  moisture,  nor  facilitate  the 
accumulation  of  dust  and  dirt  Slate  is  a  good  material  if  free 
from  impurities  such  as  mineral  streaks  or  veins  ;  glazed  porcelain 
condenses  moisture  freely  and  is  brittle.  The  conductors,  espe- 
cially those  of  the  stranded  type,  should  not  be  clamped  under  a 
nut  or  washer,  but  soldered  into  a  socket  or  thimble  which  can  be 
bolted  on  to  the  switch-block. 

*  Double-pole '  switches  are  switches  which  complete  or  dis- 
connect both  the  positive  and  negative  conductors  simultaneously. 
They  usually  consist  of  a  pair  of  '  single-pole '  switches,  linked 
together  by  an  insulating  bar,  both  levers  being  actuated  by 
a  common  handle. 

A  switch  of  some  kind  is  required  in  connection  with  every 
incandescent  lamp  or  group  of  lamps,  and  of  this  class  there  is 
a  vast  number  in  use,  the  best  example  of  which  is  the  well-known 
Tumler  type  of  switch. 


i 


812 


Electrical  Engineering 


In  many  cases  it  is  essential  that  the  whole  of  the  wiring  and 
switches  shall  be  protected  by  watertight  covers.  So  far  as  the 
wiring  is  concerned,  a  lead-covered  cable  will  secure  this  object, 
Bwi_  but  the   lead  is  easily  in- 

jured, and  it  is  preferable 
to  enclose  the  conductors, 
even  when  they  are  lead 
covered,  in  a  substantial 
iron  or  solid  drawn  steel 
tube.  It  is  not  quite  so 
easy  to  enclose  such  items 
as  switches  and  wall  plugs. 
but  very  simple  and  in- 
genious contrivances  have 
been  devised  by  Messrs. 
Pinching  &  Walton,  and 
are  used  extensively  by  the 
Admiralty  and  other  l>odies.  A  view  of  the  switch  and  cover  is 
given  in  fig.  377,  and  a  section  in  fig.  378.  The  cover  or  box  is 
usually  of  iron,  and  is  made  in  two  parts,  A  b,  which  are  screwed 
together  as  shown  in  fig. 
377,  an  indiarubber  ring 
being  clamped  between 
them  and  making  an  effec- 
tive watertight  joint  A 
brass  disc,  c,  with  a  milled 
edge,  is  truly  faced  with 
another  disc  which  is  fixed 
underneath  it.  The  disc  c 
carries  a  short  vertical 
spindle  which  passes 
through  the  lower  plate  and 
through  a  substantial  india- 
rubber  disc,  on  the  lower 
face  of  which  is  a  metal  washer  ;  under  this  washer  is  the  bent 
lever  e,  the  whole  combination  being  securely  clamped  together 
by  means  of  a  nut,  and  providing  a  perfectly  watertight  cover. 
The  free  end  of  the  lever  e  carries  a  short  pin  f,  which  passes 
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through  and  engages  with  a  lower  lever  which  turns  on  the 
screw  c.  The  latter  lever  is  provided  with  a  cup  or  short  tube, 
which  controls  the  position  of  d,  the  knob  of  the  Tumler  switch 
fitted  in  the  lower  portion  of  the  box.  It  will  thus  be  seen  that  if 
c  be  rotated,  the  pin  7  will  turn  with  it,  and  will  move  the  lower 
lever,  so  as  to  actuate  the  switch  either  to  the  'on'  or  to  the  'off' 
position,  according  to  the  direction  in  which  it  is  rotated. 

Another  valuable  production  by  Messrs.  Pinching  &  Walton, 
is  the  watertight  wall-socket,  illustrated  in  figs.  379  and  380.  The 
student  is  probably  aware  that  a  wall-socket  is  a  device  by  means 
of  which  a  lamp  (or  small  motor)  provided  with  a  portable  plug,  p 
(fig.  379),  can  be  readily  connected  to  or  disconnected  from  the 


circuit.  When  an  ordinary  wall-socket  is  used  the  wires  from  the 
lamp  are  led  into  the  plug  and  connected  to  the  metal  pins  such 
as  those  (a  b)  which  project  from  the  plug  p.  On  the  face  of  the 
socket  are  two  holes  under  which  in  the  ordinary  pattern  there 
are  a  pair  of  thimbles  connected  to  the  positive  and  negative 
mains,  so  that  when  the  pins  are  inserted  in  these  thimbles  the 
current  is  conveyed  to  the  lamp.  In  the  case,  however,  of  this 
particular  socket  there  is  the  additional  device  for  rendering  it 
watertight,  spark-proof,  and  automatically  self-closing.  The  socket 
is  encased  in  a  stout  iron  box,  consisting  of  an  upper  and  a  lower 
part  screwed  together,  and  the  joint  made  watertight.  Projecting 
from  the  bottom  is  a  cylindrical  mass  of  insulating  materia!  in 
which  are  embedded  two  spiral  springs,  d,  e  (fig.  380),  each  provided 
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with  a  comparatively  long  and  loose-fitting  cap  or  thimble,  after 
the  manner  of  the  bayonet  lampholder,  fig.  344.  These  are 
shown  to  be  pressing  against  the  rota  table  cover  <-.  On  a  diameter 
at  right  angles  with  the  diameter  passing  through  the  springs,  t«o 
substantial  metal  socket  pieces  are  embedded  in  the  insulating 
cylindrical  block.  These  socket  pieces  are  the  same  distamr 
apart  as  are  the  caps  and  springs,  and  are,  moreover,  connected  to 
.  the  positive  and  negative  conductors  respectively.  In  fig.  379  li* 
cover  is  in  its  position  of  rest  or  inaction,  and  the  two  caps  arc 
shown  to  have  been  forced  by  the  springs  through  the  holes  in  the 
cover  so  as  to  be  about  flush  with  its  outer  surface.  When  the  pirn 
of  the  plug  are  pressed  into  the  holes,  the  caps  are  driven  down 
just  below  the  level  of  the  lower  surface  of  c.  Assuming  the  plog 
to  be  then  rotated  through  an  angle  of  90°,  the  pins  will  fall  inio 
the  socket  pieces  already  men- 
tioned and  complete  the  circuit 
Attached  to  the  cover  *-  is  ore 
end  of  a  coiled  stiff  wire  spring, 
the  other  end  of  which  is  secured 
to  the  iron  box.  In  turning  the 
plug  and  cover  through  the  angle 
of  90°  the  wire  spring  is  coiled 
up,  and  is  therefore  under  tension. 
When  it  is  desired  to  break  the  circuit,  and  the  plug  is  withdrawn, 
the  wire  spring  draws  c  smartly  round  so  as  to  completely  cover 
the  socket  pieces  and  allow  the  caps  or  thimbles  to  spring  out,  and 
practically  fill  up  the  holes  in  c. 

Highly  important  as  switches  undoubtedly  are,  cut-outs  cannot 
be  said  to  be  much  less  so.  The  function  of  a  cut-out  is  primarily 
to  prevent  damage  being  done  to  the  apparatus,  the  leads,  or  the 
building  in  which  they  arc  placed,  by  means  of  an  unduly  strong 
current ;  and  the  way  in  which  it  affords  this  protection  is  by  auto- 
matically disconnecting  the  circuit  when  the  current  from  some  cause, 
accidental  or  otherwise,  exceeds  a  certain  pre -determined  limit 

There  may  be  said  to  be  two  species  of  cut-outs — (a)  tnos* 
actuated  by  an  electro- magnet,  and  (6)  those  carrying  a  piece  of 
wire  or  foil  which  melts  or  fuses  when  the  current  exceeds  a  definite 
strength. 
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A  magnetic  cut-out  consists  essentially  of  a  coil  of  wire  placed 
in  the  main  circuit  and  provided  with  a  movable  core,  or  arma- 
ture, to  which  is  attached  a  strip  of  metal  also  forming  a  part  of 
the  main  circuit.  When  the  current  rises  above  the  prescribed 
strength,  the  coil  attracts  its  core  or  armature  with  sufficient  force 
to  draw  away  the  strip  and  break  the  main  circuit.  But  it  is 
necessary  for  the  contact  made  by  the  strip  with  the  ends  of  the 
main  circuit  to  be  very  good  and  also  frictionless,  otherwise  the 
pull  required  to  break  contact  would  be  liable  to  vary.  In  one 
type  of  instrument  the  two  ends  of  the  main  circuit  terminate  in 
cups  which  are  partly  filled  with  mercury,  after  the  manner  illus- 
trated in  fig.  311.  The  contact  is  reliable,  but  there  is  a  chance 
of  serious  sparking  occurring  at  the  mercury  surface  when  the 
contact  is  broken  with  a  heavy  current,  or  at  a  high  e.m.f., 
especially  if  any  large  electro-magnet  having  considerable  self- 
induction  is  included  in  the  circuit.  When  there  is  any  risk  of 
serious  sparking  it  is  advisable  to  cover  the  mercury  with  oil 
(which  is  an  insulator)  in  order  to  reduce  the  possibility  of 
damage  being  done.  The  advantages  of  such  a  cut-out  are,  that 
it  can  be  readily  adjusted  to  act  with  certainty  with  any  given 
current,  either  by  varying  the  tension  of  an  antagonistic  spring, 
or  by  altering  the  centre  of  gravity  of  the  moving  piece.  It  can 
also  be  arranged  to  automatically  restore  the  connection  when  the 
current  falls  again  to  a  safe  value.  This  latter  arrangement  is  not 
as  a  rule  adopted,  but  the  apparatus  can  be  immediately  restored 
to  its  normal  state  by  hand  when  the  cause  of  the  abnormal  rise 
in  the  current  has  been  discovered  and  removed.  It  is  manifest 
that  the  resistance  of  the  apparatus  must  be  kept  extremely  low 
to  avoid  serious  loss  of  power.  It  requires  a  certain  amount  of 
attention,  and  is  expensive  compared  with  the*  type  next  to  be 
considered 

A  safety  fuse  can  be  constructed  so  as  to  offer  very  little 
resistance,  and  therefore  to  absorb  but  little  power.  It  must 
of  course  offer  some  resistance,  since  it  is  owing  to  the  heat  de- 
veloped by  the  current  in  overcoming  this  resistance  that  the  fuse 
is  melted.  Obviously  a  fuse  made  of  a  metal  which  has  a  low 
melting-point  requires  comparatively  little  electrical  energy  to  raise 
it  to  a  state  of  fusion ;  and  hence  a  fuse  composed  of  such  a 
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metal  may  be  made  of  lower  resistance,  and  so  absorb  less  povtr, 
than  if  a  metal  with  a  high  melting-point  (such  as  platinum, 
20000  C.)  were  employed.  In  fact,  with  a  well-designed  fuse  the 
chief  cause  of  loss  of  power  is  likely  to  be  in  the  careless  con- 
nection of  its  extremities  to  the  terminals. 

Such  a  cut-out  has  no  working  parts  likely  to  get  out  of  order 
or  to  need  any  attention;  it  is  inexpensive,  and,  if  properlj 
designed,  can  be  relied  upon  to  act  when  the  current  reaches  am 
particular  strength,  or  at  any  rate  within  about  5  per  cent  of  h. 
The  fuse  must  be  designed  so  as  to  break  promptly  and  cer 
tainly,  and  it  should  not  for  ordinary  purposes  be  of  a  material 
which  might  get  red-hot .  before  it  melted,  otherwise  the  danger 
from  fire  becomes  serious.  The  lower  the  temperature  at  '•tech 
the  metal  employed  melts,  the  less  is  the  danger  thus  incurred 
It  must  not  be  forgotten  that  good  conductors  of  electricity  art 
also  good  conductors  of  heat,  and  that  therefore  the  termini! 
screws  to  which  the  fuse  is  attached  tend  to  conduct  the  heal 
away  as  well  as  to  dissipate  it  by  radiation.  This  fact  necessitate 
the  fuse  being  made  rather  longer  than  would  otherwise  be 
required ;  and  while  the  terminals  must  be  sufficiently  massive 
to  allow  good  and  reliable  connection,  they  should  not  be  as- 
necessarily  so. 

It  is  almost  superfluous  to  add  that  the  metal  employed  should 
be  durable,  and  not  subject  to  change  from  any  cause  such  i* 
oxidation.  Platinum  fulfils  this  condition  admirably,  and  yd  it 
is  unsuitable  for  general  work  on  account  of  the  high  temperatim 
at  which  it  melts.  It  is,  in  fact,  easy  to  maintain  it  at  a  brigfc 
red  heat  for  a  considerable  length  of  time.  Tin,  however,  melt- 
at  2350  C.  ;  it  is  very  durable,  only  slightly  oxidisable,  and,  taking 
all  things  into  consideration,  is  the  best  metal  for  a  fuse.  Then 
is  a  disadvantage  peculiar  to  tin,  viz.  that  its  molecular  structure 
alters  in  time,  and  permits  it  to  carry  much  more  than  k> 
standard  current,  and  in  many  cases  either  platinoid  or  even 
copper  is  preferred. 

The  base  on  which  the  fuse  is  mounted  should  be  incoe- 
bustible,  and  is  usually  of  slate  or  glazed  porcelain.  It  should 
also  be  protected  with  an  incombustible  cover,  preferably  c 
porcelain  or  metal. 
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It  is  the  best  practice  in  any  wiring  scheme  to  interpose  a 
fuse  at  the  point  where  a  branch  wire  is  connected  to  a  conductor 
of  larger  gauge,  but  the  fuses  should  not  be  distributed  in  all  sorts 
of  out-of-the-way  places,  the  better  plan  being  to  lead  the  mains 
or  sub-mains  to  some  convenient  point  and  to  lead  the  branch 
circuits  from  that  point  to  the  various  parts  of  the  installation.  A 
simple  illustration  of  such  a  system  is  given  in  fig.  381,  where  the 
main  is  joined  to  a  metal  strip  from  which  three  branch  circuits 
are  served,  with  a  fuse  in  each  branch.  For  large  conductors  a 
fuse  should  be  inserted  in  both  the  positive  and  negative  leads, 


sufficient  if  a  fuse  i 
witch  on  the  other. 


but  in  small  ones  it  is  usually  considered  £ 
placed  in  one  lead,  say  the  positive,  and  the 
Where,  however,  a  number  of  fuses  are 
mounted  on  a  single  base  for  purposes  of 
distribution,  they  should  be  so  arranged 
that  the  molten  metal  from  a  ruptured 
fuse  should  not  l>e  able  to  fall  upon  a 
neighbouring  fuse. 

For  heavy  current  circuits  several 
comparatively  small  fusible  strips  are 
frequently  used,  instead  of  employing 
a  single  massive  strip,  an  arrangement 
which  makes  more  certain  the  breaking 
of  the  fuses  when  the  particular  current 
strength  is  exceeded ;  but  when  the 
current  is  of  high  voltage  it  is  essential 
that  the  fuse  should  be  encased  in  an  incombustible  tube  such 
as  porcelain  or  brass.  Sometimes  the  tube  is  filled  with  sand  or 
other  simitar  material  in  order  to  prevent  the  metallic  particles  being 
blown  about  when  the  fuse  'goes.'   The  Mordeyfuse  is  of  this  type. 

One  possible  objection  to  the  use  of  a  fuse  is  that  when  it  does 
act  under  the  influence  of  a  too  powerful  current  it  is  destroyed, 
breaks  the  circuit,  and  must  be  replaced  before  that  circuit 
is  again  available.  It  will  be  evident  that  such  cut-outs  must  be 
cheap,  and  placed  in  accessible  situations.  The  number  employed 
should  be  made  as  small  as  possible,  for  every  one  is  a  source  of 
leakage,  and  may  even  be  a  source  of  danger.  There  is  one  case 
in  which  a  fuse  should  never  be  used,  and  that  is  in  the  case  of  an 
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earthed  conductor  such  as  the  *  outer '  of  a  concentric  cable. 
The  danger  is  that  an  excessive  voltage  will  cause  the  fuse  to 
'blow,'  and  when  the  fuse  has  blown,  the  outer  may  still  be 
at  a  high  potential.  Cases  have  been  known  where  such  an 
arrangement  has  had  fatal  consequences. 

In  a  previous  chapter  we  have  described  certain  instruments 
called  ammeters,  which  are  capable  of  indicating  the  number  of 
amperes  of  current  flowing  through  them  at  any  particular  moment, 
but  which  are  unable  to  measure  the  actual  quantity  of  electricity 
passed  through  them  during  any  given  period.  In  just  the  same 
way  a^thermometer  indicates  the  temperature  at  any  moment,  but 
gives  no  idea  of  the  quantity  of  heat  actually  developed  or 
absorbed.  In  the  commercial  distribution  of  electricity  it  is 
essential  that  a  '  meter '  should  be  provided  which  is  capable  of 
measuring  and,  by  some  means,  recording  or  registering  the  quantity 
of  electricity  supplied  to  any  one  consumer  during,  say,  a  month 
or  three  months.  The  unit  quantity  of  electricity  is  the  coulomb 
— that  is,  the  amount  transferred  by  a  current  of  one  ampere 
during  one  second  ;  hence  an  instrument  such  as  that  referred 
to  might  aptly  be  called  a  coulomb-meter. 

The  coulomb  is,  however,  too  small  to  serve  as  a  unit  for 
working  conditions.      The   next  step  is  to  employ   as   a  unit 
the  quantity  of  electricity  transferred  by  a  current,  one  ampere  in 
strength,  during  one  hour,  this  unit  being  known  as  the  *  ampere- 
hour.  '     If,  for  example,  a  secondary  cell  were  allowed  to  maintain 
a  current  of  15  amperes  for  2\  hours,  the  quantity  of  electricity 
obtained  from  the  cell  during  that  time  would  be  15  x 2*5 =375 
ampere-hours,   and  the  amount  of  electrical  energy  expended 
could   be   found  by  multiplying   by  the   pressure  in  volts,  the 
result   being   expressed   as    'watt-hours.'     But  even   this   larger 
unit  is  somewhat  small  for  the   measurement  of  supply  on  an 
extensive  scale,  and  a  still  larger  unit,  known  as  the  Board  of 
Trade  unit,  or  kilowatt-hour,  has  taken  its  place.     It  is  equal  to 
that  amount  of  electrical  energy  which  is  developed  or  absorbed 
by  a  current  of  1000  amperes  at  a  pressure  of  one  volt  duing  one 
hour.     It  is  therefore  equal  to   1000  ampere-volt-hours  or  1000 
watt-hours.     This  Board  of  Trade  unit  is,  then,  the  unit  by  which 
the  electricity  supplied  is  measured  and  charged.     In  most  case? 
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a  certain  piece  of  apparatus  is  introduced  to  measure  the  number 
of  ampere-hours  supplied  to  the  consumer's  lamps,  and  this 
quantity  multiplied  by  the  standard  pressure  in  volts  and  divided 
by  1000  gives  the  number  of  Board  of  Trade  units  of  energy 
which  is  indicated  on  the  index 
and  upon  which  the  charge  is 
based. 

The  Ferranti  continuous-cur- 
rent meter  is  illustrated  in  fig.  382, 
which  is  a  side  elevation  of  the 
instrument.  It  consists  essentially 
of  a  horizontal  disc  floating  in 
mercury  between  two  pairs  of 
magnet  poles.  The  current  to  be 
measured  enters  at  one  point  on 
the  periphery  of  the  disc,  and 
leaves  at  the  centre,  so  that  a 
field  of  force  is  set  up,  and  as  a 
consequence  the  disc  rotates,  the 
number  of  revolutions  being  in- 
dicated by  a  series  of  light  pinions 
which  control  the  needles  on  the 
dial  plates.  The  instrument  is 
contained  in  an  iron  case  divided 
vertically  in  two  parts.  The 
mercury  is  contained  in  a  hori- 
zontal box  or  bath,  mb,  com- 
posed of  two  nickel-plated  brass 
plates,  pp,  separated  by  a  fibre 
ring,  R,  the  internal  surfaces  of 
the  plates  being  insulated  from 
the  mercury  by  means  of  sheets 
of  presspahn.  The  plates  and 
fibre  are  secured,  so  as  to  prevent  the  mercury  escaping,  by  means 
of  nine  bolts,  one  of  which  is  shown  at  b.  The  metal  disc  c  d  is 
platinum-plated  and  insulated  by  a  coating  of  enamel,  the  edge  and 
centre  being  left  unplated,  but  amalgamated  with  mercury  so  that  the 
current  may  enter  and  leave  at  definite  points.     The  disc  is  carried 
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by  the  spindle  s,  which  is  supported  by  a  cup-jewel.  The  spindle 
also  carries  a  weight,  w,  which  is  adjusted  so  that  the  disc  just 
sinks  into  the  mercury,  an  arrangement  which  ensures  the  minimum 
friction  between  the  spindle  and  the  jewel.  Three  small  nuts,  n, 
are  provided  for  adjusting  the  balance  of  the  disc.  One  of  the  two 
permanent  magnets  is  shown  at  m,  and  pole-pieces  are  secured  to 
all  the  four  poles,  so  as  to  form  two  vertical  fields  through  the  disc 
on  opposite  sides  of  the  spindle.  One  terminal  of  the  instru- 
ment is  connected  to  the  contact  screw  c,  let  into  the  fibre  ring, 
whence  the  current  is  conveyed  through  the  mercury  to  the  edge  of 
the  disc,  leaving  the  latter  at  the  centre  and  passing  out  to  another 
contact  screw  not  shown  in  the  figure.  The  path  of  the  current 
through  the  disc  is  across  the  field  set  up  by  the  pole-pieces  of 
one  of  the  permanent  magnets  (known  as  the  driving  poles),  and 
the  consequent  repulsion  of  the  two  fields  causes  the  disc  to 
rotate,  the  driving  force  being  proportional  to  the  current  The 
motion  sets  up  in  the  disc  eddy  currents  due  to  both  pairs  of  poles, 
which,  acting  on  the  flux  from  the  poles,  produce  a  retarding  force 
on  the  disc  proportional  to  the  speed.  If  there  were  no  fluid  or 
other  friction  this  would  be  the  only  retarding  force  acting  on  the 
disc.  When  the  disc  settles  down  to  a  uniform  speed,  the  driving 
and  retarding  forces  are  equal,  and  as  the  former  is  proportional 
to  the  current,  and  the  latter  to  the  speed,  it  follows  that  the  speed 
is  proportional  to  the  current. 

As  the  speed  increases  the  disc  meets  with  another  retarding 
force  set  up  by  mercury  fluid  friction,  whence  the  meter  would 
run  slow  at  the  higher  loads.  To  overcome  this,  the  current  after 
passing  through  the  bath  is  passed  round  a  coil,  k,  wound  round 
an  iron  bar,  l,  which  is  attached  to  the  lower  poles  of  the  two  mag- 
nets. The  coil  is  so  connected  that  when  the  current  passes  the 
magnetic  flux  produced  increases  the  flux  in  the  driving  poles  and 
decreases  the  flux  in  the  retarding  poles.  Since  both  pairs  of  poles 
retard  the  motion  of  the  disc,  and  since  the  flux  in  one  is  increased 
and  decreased  in  the  other  by  the  same  amount,  it  follows  that  this 
magnetic  brake  force  is  the  same  with  or  without  the  coil  in  action. 
But  the  driving  force  is  increased  at  top  loads,  thus  rectifying  the 
effect  of  fluid  friction.  Fig.  383  shows  two  curves,  one  the  per- 
centage error  with  an  uncompensated  meter,  and  the  other  with  a 
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compensated  one,  which  latter  curve  shows  that  the  accuracy 
between  the  full  and  ^  load  is  well  within  the  limits  demanded 
in  practice. 

The  voltage  drop  of  a  10-ampere  meter  is  about  0*06  volt,  and 
the  starting  current  is  about  0*05  ampere.  It  is  interesting  to  note 
that  owing  to  the  transverse  position  of  the  compensating  coil,  the 
constant  of  the  meter  is  not  appreciably  affected  by  the  passage  of 
a  short-circuit  current  through  it.  The  instrument  is  adapted  for 
loads  ranging  from  3  to  100  amperes,  but  for  larger  currents 
a  shunted  meter  is  used,  the  shunt  taking  the  greater  portion  of 
the  current.  The  student  will,  no  doubt,  have  noticed  that  there 
are  no  brush  or  other  rubbing  contacts,  and  the  accuracy  over  the 
whole  range  of  the  instrument  from  50  per  cent,  overload  to  one- 
twentieth  of  full  load  is  another  decided  advantage. 
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Another  good  meter  is  the  Aron  Electricity  Meter,  illustrated 
in  fig.  384.  It  is  provided  with  the  usual  speed-counting  index, 
which  is  actuated  by  the  difference  in  the  speed  of  rotation  of  two 
distinct  sets  of  clockwork.  Each  set  is  furnished  with  a  pendulum, 
both  pendulums  being  adjusted  to  oscillate  at  exactly  the  same 
rate  in  the  absence  of  any  disturbing  element.  The  bob  of  the 
pendulum  shown  on  the  left  in  the  figure  is  an  ordinary  weight,  but 
that  of  the  right-hand  pendulum  is  a  permanent  magnet.  So  long 
as  both  pendulums  continue  to  oscillate  at  exactly  the  same  rate, 
no  movement  of  the  indicating  pointers  takes  place,  but  they 
begin  to  indicate  directly  the  right-hand  pendulum  is  accelerated. 
This  acceleration  is  made  to  take  place  by  means  of  a  solenoid 
fixed  underneath  the  magnet,  and  through  which  the  main  current 
passes.  As  the  acceleration  is  proportional  to  the  strength 
of  the  current,  it  is  evident  that  the  instrument  can  be  so 
adjusted  that  the  index  will  indicate  in  ampere-hours.  To  make 
this  or  any  similar  meter  serve  the  purpose  of  an  energy  meter,  it 
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is  necessary  to  multiply  the  ampere-hours  by  the  standard  pressure 
at  which  the  current  is  supplied,  and  hence  the  accuracy  01  the 


result  depends  quite  as  much  upon  the  constancy  of  the  pressure 
as  it  does  upon  the  accuracy  of  the  instrument 
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The  measurement  of  the  amount  of  energy  supplied  during  a 
given  time  to  a  consumer  on  an  alternating- current  system  may 
also  be  effected  by  measuring  the  quantity  of  current  supplied 
during  that  time,  and  multiplying  hy  the  pressure  which  is  assumed 

Fw.  .iSs 


to  be  maintained  at  a  constant  value.  This_method  is  satisfactory 
(except  that  it  does  not  take  account  of  variations  in  pressure) 
provided  only  that  the  current  is  supplied  to  a  non-inductive 
circuit  such  as  that  formed  by  a  number  of  incandescent  lamps 
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joined  in  parallel.  It  is  evident,  however,  that  it  would  be  mis- 
leading if  the  circuit  contained  considerable  self-induction,  because 
in  such  a  case  the  lag  of  current  behind  e.m.f.  must  also  be 
taken  into  consideration.  The  Shallenberger  Meter  is  an  instru- 
ment which  answers  very  well  indeed  when  used  on  a  circuit  such 
as  the  secondary  circuit  of  a  transformer  feeding  a  number  of 
incandescent  lamps.  A  general  view  of  the  instrument  with  its 
cover  removed  is  given  in  fig.  385,  the  moving  part  and  counting 
mechanism  being  shown  in  fig.  386.  The  moving  or  rotating 
part  consists  of  a  vertical  steel  spindle,  which  passes  clear  through 
a  hole  in  the  lower  brass  plate  of  the  mechanism  framework,  and 
carries  at  its  upper  end  a  pinion  gearing  into  the  counting 
mechanism,  the  number  of  revolutions  of  the  vertical  spindle 
being  indicated  in  the  usual  way  by  the  four  pointers  shown  in 
fig-  385.  The  main  vertical  spindle  rotates  at  a  rapid  rate,  and 
the  first  section  of  the  train-work  employed  to  reduce  the  speed  is 
shown  in  fig.  386.  This  part  is  exceptionally  well  made  in  order  to 
avoid  friction,  which  would  here  introduce  a  great  error  on  account 
of  the  high  speed  of  rotation  ;  the  spindles  are  vertical,  as  shown, 
and  their  lower  ends  rest  on  a  polished  glass  surface.  The 
remainder  of  the  mechanism  is  somewhat  coarser,  the  spindles 
being  placed  horizontally,  and  the  motion  is  changed  from  a  vertical 
to  a  horizontal  plane  by  a  screw  and  worm-wheel,  the  former  of 
which  can  be  seen  in  fig.  386.  The  bottom  end  of  the  main 
spindle  is  of  hardened  steel,  rounded,  and  it  rests  on  a  cup-shaped 
polished  jewel  support,  so  that  it  rotates  with  a  very  small  amount 
of  friction.  Near  the  lower  end  of  the  spindle  a  brass  hub  with 
four  light  arms  is  fixed  by  a  set-screw,  and  each  of  these  arms 
carries  a  rectangular  aluminium  vane ;  these  vanes  form  a  fan 
which  retards  the  rotary  motion  of  the  spindle.  Above  the  fan  is 
a  scft-iron  ring  fixed  to  the  spindle  by  means  of  a  corrugated 
aluminium  disc,  and  it  is  upon  this  iron  ring  that  the  driving  force 
is  exerted  by  the  current. 

The  coil  through  which  the  alternating  current  is  passed  is 
shown  just  below  the  counting  mechanism  in  fig.  385.  It  is 
wound  in  two  halves  to  allow  space  for  the  fan  spindle  to  pass 
through  it,  and  for  a  20-ampere  meter  it  would  consist  of  55  turns 
of  No.  9  s.w.g.  copper  wire,  double  cotton-covered  and  varnished 
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the  coil  being  taped  over  all.  In  the  case  of  a  40-ampere  meter, 
such  as  that  illustrated,  the  coil  consists  of  half  the  number  of  convo- 
lutions of  considerably  thicker  wire  ;  or  the  change  from  20  to  40 
amperes  can  be  effected  by  joining  the  two  halves  of  the  coil  in 
parallel.  The  current  continually  passes  through  this  coil,  but  11 
would  not  by  itself  be  competent  to  cause  the  rotation  of  the  soft- 
iron  ring  which  is  placed  inside  it  In  order  to  effect  this,  a 
second  small  coil  is  fixed  inside  the  main  coil,  in  such  a  way  thai 
both  coils  embrace  the  soft-iron  ring,  but  the  axis  of  one  coil  makes 
an  angle  of  about  450  with  that  of  the  other.  The  second  coil  is 
illustrated  in  fig.  387,  and  in  effect  it  consists  of  a  single  convolu- 
tion of  extremely  low  resistance.  It  is  composed  of  18  flattened 
'  rings '  of  sheet  copper,  held  together  by  pins  at  each  end,  a  small 


washer  being  placed  between  adjacent  rings.  The  small  ami,  with 
the  curved  slot  through  which  a  set-screw'  passes,  is  Tor  the  pur 
pose  of  clamping  the  coil  in  the  exact  position  determined  when 
the  instrument  is  being  calibrated. 

Now  when  an  alternating  current  is  passed  through  the  outer 
coil  it  magnetises  the  soft-iron  disc,  and  the  lines  of  force  through 
the  disc  are  reversed  in  direction  with  every  reversal  or  the  cur- 
rent ;  the  magnetic  axis  is,  however,  always  approximately  in  the 
same  direction,  viz.  parallel  to  the  axis  of  the  outer  coil.  But  th* 
inner  coil  will  also  be  acted  upon  by  the  outer  coil ;  it  wiD  in  fact 
act  as  the  secondary  coil  of  a  transformer,  and  the  alternating 
current  which  will  be  induced  in  it  will  lag  about  90°  behind  the 
primary  current — that  is  to  say,  its  maximum  will  occur  when  the 
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primary  is  at  its  minimum,  and  vice  versa.  This  secondary  cur- 
rent is  of  course  not  so  powerful  as  it  would  be  if  an  iron  core  or 
sheathing  were  employed  and  the  axis  of  the  two  coils  placed 
parallel,  but  it  is  nevertheless  of  considerable  strength  because 
of  the  extremely  low  resistance  of  the  secondary  coil.  As  the 
magnetisation  of  the  iron  disc  lags  somewhat  behind  the  primary 
or  main  current,  it  will  be  seen  that  the  induced  currents  in  the 
closed  secondary  coil  will  continually  tend  to  pull  the  disc  round 
in  the  effort  to  make  its  lines  of  force  coincide  with  those  due  to 
the  current  passing  at  that  moment  in  the  closed  coil. 

The  instrument  is  enclosed  in  a  sheet-iron  cover,  so  that  the 
resistance  offered  by  the  air  to  the  fan  is  constant  for  any  given 
speed,  and  the  net  result  is  that  the  number  of  revolutions  made  by 
the  vertical  spindle  in  any  given  time  is  proportional  to  the  virtual 
amperes  passing  through  the  coil.  In  fig.  386  a  small  pointer 
will  be  seen  on  the  top  of  the  mechanism  case ;  this  pointer  is 
carried  by  the  first  vertical  spindle  next  to  the  vane  spindle,  and 
it  is  visible  through  a  small  glass  window  in  the  outer  case.  Its 
object  is  to  enable  the  meter  to  be  readily  calibrated,  or  its 
accuracy  to  be  checked  at  any  time  after  it  has  been  in  use.  A 
current  of  one  ampere  is  passed  through  the  instrument,  and*  the 
number  of  revolutions  indicated  by  this  pointer  in  one  minute  is 
noted;  the  normal  rate  is  about  one  per  second,  and,  in  the 
instrument  illustrated,  the  pointer  indicated  exactly  60*3  revolu- 
tions in  one  minute.  When  this  information  has  been  obtained 
for  any  particular  instrument,  it  is  an  easy  matter  to  calculate  the 
numbers  of  ampere-hours  represented  by  the  total  number  of 
revolutions  as  indicated  by  the  four  pointers,  and  then  by  multi- 
plying by  the  normal  pressure,  the  ampere-volt-hours  can  be 
estimated. 

The  motor  meter  invented  by  Professor  Elihu  Thomson  gives 
the  readings  direct  in  watt- hours,  and  can  be  used  either  on 
a  continuous  or  on  an  alternating  current  circuit  without  requiring 
to  be  recalibrated.  It  consists  essentially  of  a  small  electric  motor, 
the  armature  of  which  is  carried  on  a  vertical  spindle.  This  arma- 
ture consists  of  many  convolutions  of  fine  wire,  which  are  wound 
on  the  drum  principle,  but  without  an  iron  core,  and  it  is  placed 
in  series  with  a  high  non-inductive  resistance,  which  is  generally 
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fixed  on  a  frame  at  the  back  of  the  meter.  The  armature  with  its 
resistance  coil  is  connected  between  the  positive  and  negative 
mains,  so  that  the  strength  of  the  current  flowing  through  the 
armature  is  determined  by  the  potential  difference  of  the  circuit  in 
which  it  is  desired  to  measure  the  power  expended.  In  fig.  388, 
which  gives  a  view  of  the  instrument  with  the  cover  removed  and 
the  right-hand  half  partly  in  section,  it  will  be  observed  that  there 
are  two  coils  of  thick  wire  overwound  with  tape,  and  partly  embrac- 
ing the  armature  ;  these  coils  are  joined  up  in  the  main  circuit,  so 


that  the  full  current  passes  through  them,  and  they  generate  the 
field  in  which  the  armature  rotates,  being,  like  the  armature,  unpro- 
vided with  iron  cores.  Since  the  current  through  the  a 
determined  by  the  pressure,  and  the  field  in  which  the 
rotates  varies  directly  with  the  strength  of  the  main  current,  it  is 
evident  that  the  torque  or  tendency  to  rotate  the  armature  will  »i 
any  instant  be  proportional  to  the  product  of  volts  and  amperes,  or. 
in  other  words,  to  the  number  of  watts  being  expended  in  the  circuit. 
In  order  to  make  the  speed  of  rotation  vary  directly  as  the  wan> 
expended,  a  thin  copper  disc  is  fixed  on  to  the  vertical  spindk 
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below  the  armature,  and  is  embraced  by  the  poles  of  two 
permanent  steel  magnets,  one  of  which  is  shown  in  the  figure. 
Immediately  the  disc  begins  to  rotate  in  the  powerful  field  pro- 
duced by  these  steel  magnets  the  eddy  currents  produced  in  the 
disc  retard  its  rotation,  and,  as  the  strength  of  the  eddy  currents 
varies  directly  with  the  speed,  the  retardation  is  proportional  to 
the  speed,  because  the  strength  of  the  field  is  constant.  It  con- 
sequently follows,  if  there  is  no  friction  in  the  bearings  or  train- 
work,  that  the  resultant  speed  will  be  directly  proportional  to  the 
watts  expended,  and  by  means  of  the  usual  mechanism  the 
number  of  revolutions  made  in  any  given  time  can  be  indicated 
by  the  five  dials  with  which  the  instrument  is  provided.  In  some 
cases  the  number  of  revolutions  is  made  to  indicate  directly  the 
number  of  watt-hours,  but  generally  a  simple  constant  is  provided, 
by  which  the  number  of  revolutions  must  be  multiplied  in  order 
to  obtain  the  watt-hours.  The  calibration  of  the  instrument  can 
be  readily  effected  by  moving  the  poles  of  the  permanent  magnets 
either  towards  the  centre  or  towards  the  periphery  of  the  disc,  and 
thus  varying  the  retardation.  The  armature  is  provided  with  an 
eight- bar  silver  commutator,  and  the  brushes,  which  consist  of  two 
rather  long  light  springs,  are  fitted  with  silver  contact-points.  It 
is  evident  that  however  well  the  mechanism  may  be  made,  and 
however  carefully  the  brushes  may  be  adjusted,  friction  cannot  be 
entirely  avoided.  This  friction  is  compensated  for  by  adding  to 
the  field  coils  some  convolutions  in  series  with  the  armature,  and 
connecting  the  armature  or  pressure  circuit  to  the  mains  on  the 
lamp  side  of  the  series  field  coils ;  the  feeble  current  thus  con- 
tinually flowing  through  the  field  coils,  armature,  and  compounded 
coils  is  not  quite  sufficient  to  start  the  motor,  but  a  start  is  effected 
with  the  slight  increase  of  current  obtained  when  even  a  feeble 
current  passes  through  the  mains  to  the  lamp  circuit,  and  the 
effect  of  friction  is  thus  practically  eliminated  at  low  loads  where 
it  might  introduce  a  considerable  error. 

An  entirely  different  type  of  meter,  which  measures  in  ampere- 
hours,  is  that  based  upon  the  electrolytic  properties  of  the  cur- 
rent, and  which  possesses  the  advantage  that  no  delicate  mechanism 
need  be  employed  in  connection  with  it.  It  has  already  been 
explained  that  when  a  current  is   passed  through  a  solution 
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containing  a  metallic  salt  the  solution  is  decomposed,  and  the 
metal  which  it  contained  is  deposited  on  the  electrode  by  which 
the  current  leaves  the  liquid.  Suppose,  for  example,  a  solution  of 
nitrate  of  silver  with  silver  electrodes  to  be  employed,  then  pure 
silver  would  be  deposited  from  the  solution  upon  that  electrode 
by  which  the  current  leaves.  Moreover,  an  exactly  equal  quantity 
of  silver  would  be  dissolved  from  the  other  electrode.  The 
solution,  then,  remains  as  rich  in  metal  as  it  was  before  the 
passage  of  the  current. 

It  is  an  important  fact  that  the  weight  of  metal  deposited  in 
this  manner  is  exactly  proportional  to  the  quantity  of  electricity 
which    has    passed    through    the    solution,   irrespective,  within 
wide  limits,   of  the  density  of  the  solution  or  the   strength  of 
the  current  at  any  part  of  the  time.     It  follows  that  after  having 
ascertained  the  weight  of  any  metal  which  is  deposited   by  a 
coulomb  of  electricity,  or  by  an  ampere-hour  of  electricity,  we  can 
always  calculate  exactly  the  quantity  of  electricity  which  has  been 
transferred  on  any  occasion,  provided  we  find  out  what  weight  of 
that  metal  the  current  has  deposited.   So  long  as  the  total  quantity 
of  current  which  passes  is  the  same,  it  is  immaterial  whether  the 
deposition  is  effected  by  a  weak  current  flowing  for  a  long  time  or 
a  stronger  current  flowing  for  a  correspondingly  shorter  time.   Thus 
a  current  of  half  an  ampere  flowing  for  48  hours  will  deposit  the 
same  weight  of  metal  as  a  current  of  16  amperes   flowing  for 
1^  hour ;  in  either  case  the  total  quantity  of  electricity  is  24  ampere- 
hours.     It  is  necessary,  however,  to  take  care  that  the  surface  of 
the  electrode  shall  be  ample,  otherwise  the  metal  is  deposited  so 
rapidly  on  a  small  surface  that  it  becomes  granular,  and  does  not 
adhere. 

Several  solutions  have  been  utilised  for  electrolytic  meters, 
such  as  copper  sulphate,  zinc  sulphate,  mercurous  nitrate,  and,  more 
recently,  mercuric  nitrate,  of  which  the  last  mentioned  is  the  most 
satisfactory  in  its  results. 

Another  type  of  electrolytic  instrument  is  the  Bastian  meter, 
illustrated  with  the  front  removed  in  fig.  389.  It  consists  essentially 
of  a  long  moulded  glass  tube  of  uniform  bore,  enlarged  into  1 
bulb  at  its  lower  end.  This  tube  is  nearly  filled  with  slightly 
acidulated  water,  a  layer  of  paraffin  oil   being  placed  on  the 
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surface  of  the  water  to  prevent  evaporation.     The  external  con- 
ductors are  connected  to  a  pair  of  brass  plates  fixed  inside  the 
case  near  the  top,  and  from  these  plates  wires  are  led  to  and 
pass  down  a  pa.r  of  vulcanite  tubes.     The  wires  are  of  lead  (in 
order  to  protect  them  against  oxidation)  and  the  tubes  containing 
them  are  screwed  at  their   lower  ends   into  a  vulcanite    frame! 
which  serves  the  double  purpose  of 
supporting   the  tubes  and  keeping 
the  platinum  electrodes  to  which  the 
lead  wires  are  attached  in  position. 
As  the  current  passes  between  the 
electrodes  the  water  is  decomposed, 
and,  as  we  have  already  learned, 
the   quantity  of  water  so  decom- 
posed is  directly  proportional  to  the 
quantity  of  electricity  or  the  num- 
ber of  coulombs  transmitted.    The 
oxygen  and  hydrogen  gases  which 
result  from  this  decomposition  rise 
to  the  top  of  the  liquid  as  bubbles 
and  pass  thence  into  the  air.     Con- 
sequently  the    quantity    of   water 
contained  by  the  tube  is  gradually 
reduced,  and  its  level  in  the  tube 
therefore  falls.     Manifestly  the  elec- 
tricity  passing  through   the  meter 
can  be  indicated  by  measuring  the 
fall   of  water.      This   is  done    by 
means  of  a  scale  placed  in  front  of 
the  tube.    Each  instrument  requires, 
of  course,  to  be  carefully  calibrated 
for  any  particular  voltage,  and  then 

the  instrument  can  be  made  to  indicate  in  Board  of  Trade  ,,„;,= 
The  white  line  in  the  figure  (389)  shows  the  division  between 
the  water  and  the  paraffin,  and  indicates  the  consumption  Thus 
the  consumption  as  registered  by  the  illustration  is  40  units 
The  quantity  of  gas  liberated  is  too  small  to  be  in  any  wav 
inconvenient  or  prejudicial,  the  combined  volume  of  oxygen  Tnd 
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hydrogen  liberated  in  an  hour  by  the  passage  of  a  current  of 
5  amperes  being  less  than  one-eighth  of  a  cubic  foot.  As  the 
resistance  of  the  instrument  is  very  low  there  is,  for  ordinary 
house  installations,  no  need  to  use  a  shunt,  the  whole  of  the 
current  passing  through  the  water.  There  is  obviously  some 
advantage  in  this  arrangement.  The  absence  of  any  moving 
parts  ensures  that  the  instrument  shall  register  exceptionally 
small  loads;  but  of  course  the  counter  e.m.f.  of  water  has  to  be 
overcome,  and  although  on  a  200-volt  circuit  this  is  not  very 
serious,  the  consequences  might  be  appreciable  on  a  low-pressnre 
circuit.  The  meters  are  made  in  a  variety  of  sizes,  to  measure 
currents  ranging  from  1  to  80  amperes. 
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Ace  u  m  u  l  ators.     See  Secondary  batteries 

Acidometers,  634 

Action ,  local,  in  secondary  cells,  609 

primary  cells,  69 

Actual  electromotive  force  of  dynamo,  301 
Adapter  for  Tantalum  lamps,  743 
Adjustment  of  brushes.     See  crushes 
Agglomerate  Leclanche'  cell,  61 
Air,  magnetic  resistance  of,  258 

—  permeability  of,  250 

—  pumps,  723 
Alarm,  automatic,  644 

Alloys,  resistance  of,  18  I 

Alteration  of  speed  of  dynamos,  effect  of,  404    | 
Alternate  current  arcs.    See  Arc  lamps  1 

circuits,  incandescent  lamps  on,  740, 760   , 

dynamos,  293.    See  also  Dynamos 

meters,  823 

motors,  549 

Alternating  and  direct  currents,  conversion   , 

of,  .546 

—  currents,   apparatus  for  measuring,  120, 

voltmeters  for,  230  ' 

work  done  by,  588 

—  potential  difference,  apparatus  for  measur- 
ing, 232,  239 

Alternations  and  reversals,  304,  330 
Alternators.    See  Dynamos,  alternate  current 
Ammeter,  Ayrton  and  Perry,  129 

—  Kvershed,  131,  145 

—  gravity,  13  »  ,. 

—  Kelvin  recording,  145 
standard,  121 

—  Weston,  140 
Ammeters,  iai 

—  dead-beat,  140 

—  direct  reading,  127 

—  moving-coil,  137    m 
and  moving-iron,  127 

iron,  127 

—  recording,  145 

—  shunts  for,  139,  14a 

—  voltmeters  and,  231 

Ampere,  the,  23  .  1 

—  balance,  Kelvin,  iai  I 

—  gauge.  131 
Ampere-hour,  8x3 
Ampere-turns,  136.  256,  37»,  4*> 


in  a 


voltmeter   s»38 


Amperes  and  volts,  virtual,  587 
Amyl-acetate  lamp,  763 
Analysis  of  light,  652 

pellets,  627 

Anchored  filaments,  729 
Angle  of  declination,  99 

dip,  99 

lag,  3«°j  550,  553,  562,  588,  599,  594,  595, 

601 

lead,  370,  386,  429,  444,  451 

in  motors,  445,  497,  499 

maximum  sensitiveness,  1x4 

-  variation,  99 

—  sine  of  an,  299,  301 
Apparent  resistance  of  the  arc,  658 
Applications,  dynamos,  of,  485 

—  incandescent  lamps,  of,  760 

—  motors  and  their,  488 

—  secondary  batteries,  of,  639 
Arc,  electric,  647 

apparent  resistance  of,  658 

—  —  standard  of  light,  764 

—  lamp,  Brockie-Pell,  687 

Crompton,  688 

Excefto,  704 

Jandus,  697 

—  —  Oriflamme,  708 

simple,  683 

Soleil,  699 

—  lamps,  647 

alternate  current,  650,  675,  679 

Ayrton,  Mrs.,  experiments,  660 

candle-power  of,  668 

curves,  673,  674,  695,  700,  703 

spherical,  672,  702 

carbons,  Bremer's,  701 

-  —  consumption  of,  649,  657,  695,  697, 

708 

coppered,  702 

— cored,  667,  701 

dasbpot,  687 

—  : density  of,  666 

diameter  of,  677 

fringe  on  positive,  665 
glass  core,  with,  701 
impregnated,  700 

magnetic  blow-out,  707 
manufacture  of,  666 
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Arc  lamps,  carbons,  quality  of,  665 

resistance  of,  666,  677 

— salted,  700 

—  —  —  temperature  of,  650,  655 

volatilisation  of,  649,  651,  655 

—  —  temperature  of,  655,  656,  660, 

663,668 

waste  of,  681 

choking  coils  for,  679 

constant  current  and  constant- potential, 

681 

—  —  counter  E.M.P.,  657 

—  —  crater,  650 

fall  of  potential  at  the,  657 

—  —  —  travelling,  696 

curves,  polar,  669,  695,  700,  703,  709 

cut-out  tor,  68a 

—  —  Davy's  experiments,  648 
differential,  683 

—  —  double-carbon,  681,  693,  699 

—  -  — enclosed,  699 

B.M.K.  required,  648,  657,  676, 694,  699, 

700 

economiser,  702,  706 

efficiency,  665,  668,  677,  695,  70a 

—  —  enclosed,  694 

*~"  —  fall  of  potential  in,  657,  676,  694,  700 

— —  —  hissing,  661 

feeding  arrangements,  649,  683,  684 

flame,  699 

—  —  focussing,  681 
globes,  effect  of,  680 

—  —  hissing,  660,  677 
humming,  675 

illuminating  power,  668 

intrinsic  brilliance,  656,  662,  668,  702 

—  —  inverted,  671 
iron  rods,  with,  662 

length  of  arc,  648,  658, 66x,  676,  694,695 

luminous  intensity,  656,  662 

magazine,  708 

—  —  magnetic  blow-out,  707 
magnetite,  664 

mechanism  oft  649,  683 

metal  rods,  with,  662 

parallel  and  series,  677,  681 

polar  curves.  669,  695,  700,  703,  709 

power  absorbed  by,  638,  662,  676,  700, 

702 

pumping  in,  659 

regenerative,  703 

—  —  resistance  of  arc,  658 

screening  due  to  lower  carbon,  664, 

672,  677,  695 

silent  and  hissing  arcs,  660 

spectra,  uniformity  of,  653,  655 

steadying  resistances,  678 

striking  in,  649,  659,  682,  684 

trimming,  680,  695 

—  —  Trotter's  experiments  with,  668 
varying  length  of  arc,  658,  664 

—  —  Violle's  experiments,  656 

—  standard  of  light,  764 

Area  of  field  between  pole-pieces,  428 
Armature,  dynamo.     See  Dynamos 

—  motor.    See  Motors 

—  for  electro-magnets,  255,  273 

steel  magnets,  98 

Armoured  cables,  803 


Aron  meter,  8a  z 

Arrangement  of  cells,  78 

Asbestos,  480,  514,  521 

Atomic  weights  and  equivalents,  table  of,  57 

Attraction  and  repulsion,  electric,  z,  6 

—  —  —  magnetic.  97 

—  — fields,  between,  88,  488 

—  —  —  parallel  conductors,  between,  85. 84. 

Xl6,  I2Z 

—  —  —  —  —  —  instruments  for  measuring 
116 

Automatic   alarm  for  secondary   batteries, 

644 

—  regulators  for  dynamos,  400,  472,  477 

—  switch  for  dynamos  in  parallel,  411 

secondary  batteries,  643 

Average  E.M.F.,  500,  36a,  441,  456 
Axis  of  a  magnet,  99 

Ayrton  and  Perry  ammeter,  129 
dispersion  photometer,  769 

—  experiments    with   secondary    batterie* 
627,  632,  634 

—  Mrs.,  experiments  with  arc  lamps,  660 
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B.A.  unit,  the,  17 

Back   electromotive    force. 

B.M.F. 

—  magneto-motive  force,  429 
Bad  and  good  lamp  tests,  736 
Balance.  Kelvin,  121 

—  —  volt,  244 

Ballistic  galvanometer.  287,  423 

Bar  and  horseshoe  magnets,  254 

Bare  conductors,  536,  528,  533,  794 

Bastian  meter,  830 

Batteries.       Set    Cells,     also     Secoodan 

batteries 
Battery,  floating,  88 

—  Grove's  gas,  605 

—  measuring  resistance  of,  154 

—  Wheatstone  bridge,  for,  171 
Beam  of  light,  65a,  769  ^ 

Bedplates,    magnetic    insulation    of    CcV - 

magnets  from,  430 
Best  arrangement  of  cells,  61 
Bichromate  of  potash  cell,  66,  73 
Bipolar  dynamo,  415 
Bismuth,  permeability  of,  252 
Bitumen  insulation,  801 
Blackening  of  lamp  bulbs,  738 
Blow-out,  magnetic,  for  arc  lamp*,  7x7 

—  —  —  motors,  521 

Blower,  Thomson -Houston,  479 

Board  of  Trade  unit,  42,  818 

Boiling  in  secondary  cells,  630,  630 

Bonding  tramway  rails,  809 

Boosters,  793 

Boxes,  resistance,  29,  190,  192 

Brake,  friction,  540 

Brakes,  motors,  for,  523 

Bremer's  carbons,  701 

Bridge-megger,  Evershed's,  188 

Bridge,      Wheatstone.      Set     Wheat>uae 

bridge 
Brilliance,  intrinsic,  of  crater,  656,  662,  66s, 

702 
Britannia  joint,  797 
British  Insulated  cables,  803 
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British  Insulated  feeder. pillar,  808 

—  Thomson-Houston  lamp,  736 
Brockie-Pell  lamp,  687  I 
Brown,  Boveri  alternator,  338  I 
dynamo,  458 

Bruce,  Peebles  dynamo,  449 
Brush  dynamo,  466 

—  holders,  371,  418  I 

—  transformers,  579 
Brushes,  304,  481 

—  adjustment  of,  369,  429,  471 

—  best  position  of,  371  j 

—  carbon  contacts,  with,  446,  481,  484,  516 

—  dynamo,  sparking  at,  369,  372,  408,  444,    ■ 

471.484    .  , 

—  Endruweit,  484 

—  lead  of.    Set  Angle  of  lead 

—  motor,  for,  516 

sparking  at,  498,  546 

Buckling,  630,  632,  636 
Bunsen  cell,  71 

—  photometer,  767 


CG.S.  system,  52 
Cables,  armoured,  803 

—  bitumen,  801 

—  concentric,  802 

—  indiarubber  and  guttapercha,  800 

—  lead-covered,  802 

—  overhead,  797 

—  paper,  802 

—  protection  of,  800 

—  three-core,  802 
Cadmium  standard  cell,  65 
Calculating  ampere-turns,  426 

—  E.M.F.,  300 

— -  field-magnets,  426 

—  number  of  lines  of  force,  257,  427 
Calibration  of  instruments,  120,  236 
Calender's  bitumen  cables,  801 
Candle-foot,  the,  774 

Candle-power  of  arc  lamps.    See  Arc  lamp* 

—  —  —  incandescent  lamps,  728,  743,  749 

—  —  spherical,  672 

—  standard.  761 
Capacity,  electrostatic,  xo,  43 

—  heat,  for,  223 

—  secondary  batteries,  of,  622,  627 
Carbon,  arc  lamps,  in.    See  Arc  lamps 

—  brushes,  446,  481,  484,  516 

—  incandescent  lamps,  in.    See  Incandescent 
lamps 

—  resistance  of,  666,  677 

—  resistances,  472 

—  spectra,  65s 

—  volatilisation  of,  649,  651,  655,  739 
Carbonising,  720 

Carbons,  manufacture  of,  666 

Carcel  lamp,  764 

Cardew  voltmeter,  222 

Casing,  wood,  803 

Cast  and  wrought  iron  for  field-magnets, 

267,  370,  4x5,  431 
Cell,  agglomerate,  61 

—  bichromate  of  potash,  66,  73 

—  Bunsen,  71 

—  cadmium  standard,  65 

—  chloride,  622 


Cell,  Clark  standard,  .63,  203 

—  constant,  58,  67 

—  counter  b.m.p.  of,  58,  60,  604 

—  Daniell,  67 

—  dry,  74 

—  E.P.S.,  612 

—  Faure,  611 

—  floating,  88 

—  Fuller,  73 

—  Grove,  71 

—  Leclancn6,  58 

—  Plants,  607 

—  reversing,  606 

—  secondary.    See  Secondary  batteries 

—  simple,  2,  7,  55,  604 

—  Smee,  58 

—  storage.    See  Secondary  batteries 

—  testing  voltmeter,  635 
Cells,  best  arrangement  of,  81 

—  consumption  of  zinc  in,  56,  81 

—  method  of  grouping,  78 

—  parallel,  in,  78 

—  polarisation  in,  58,  60,  604 

—  potential,  fall  of,  iu,  81 

—  primary,  55 

for  electric  lighting,  75 

—  series,  ihj  78 

—  substitution  of,  formula  for,  83 

—  testing  condition  of,  209 
Cellulose,  720 

Central  London  Railway,  535 

—  station,  secondary  cells,  6x8 
Characteristic  curves.     See  Curves 
Charging  secondary  batteries,  607,  624,  626, 

629 

—  —  —  dynamos  for,  642 

Chemical  action  in  secondary  batteries,  607, 

625 
Chloride  cell,  622 
Choking  coils,  556,  598,  599 

alternators  in  parallel,  for,  556 

arc  lamps,  for,  679 

direct  current  circuits,  on,  600 

eddy  currents  in,  599 

hysteresis  in,  599 

incandescent  lamps,  for,  760 

self-induction  in,  599 

transformers,  for,  598,  599 

Circuit,  magnetic,  255,  257,  427,  572,  593 

—  power  absorbed  in  a,  569,  757,  779 

—  —  developed  in  a,  394 
Circuits,  loaded,  319 

—  parallel,  26,  156 

—  primary  and  secondary,  571 

City  and  South  London  Railway,  533 
Clark  standard  cell,  63,  203 
Clear  and  frosted  globes,  775 
Closed  circuits,  magnetic,  572 
Coefficient  of  expansion,  222,  225,  722 

—  —  self-induction,  59X 
Coercive  force,  92,  290,  460,  483 
Coil,  dimensions  of  a,  262 

—  in  a  field,  295 

—  resistance  of  a,  262 
Coils,  induction,  571,  573 

—  resistance.    See  Resistance 
Collectors  or  brushes,  304 

—  for  traction  motors,  525,  5*6,  53<>,  534,  535 
Colour,  652 
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Colour  of  secondary  battery  plates,  695 
Combustion  of  carbon,  649,  657 
Commutation.    See  Dynamos 
Commutator.    See  Dynamos 
Comparison  of  cells,  75 

—  tests  of  K.M.F.,  904 
Compensation  windings,  457 
Compound  dynamos  in  parallel,  412 

—  winding,  391,  403 
Compounding,  over*,  406,  808 
Concentric  cables,  802 
Condensers,  45 

Condition  of  cells,  testing,  209 
Conductance,  a8 

Conductivity,  electro-magnetic,  90 
Conductor,  lines  of  force  about  a,  86,  351 
Conductors,  11,  778 

—  armature.    See  Dynamo  armature 

—  bare,  526,  538,  533,  794 

—  fall  of  potential  in,  757,  783,  807 

—  for  tramways,  conduits  tor,  526,  804 

—  indoor,  803 

~"  IoKe*  In»  &9>  757.  779,  7&* 

—  middle  rail,  526,  534,  535,  804 

—  overhead,  526,  794 
table  of,  795 

—  parallel,  26,  85^  115,  121 

— •  steel,  for  electric  traction,  528,  534,  53s 

—  tables  of,  780,  781 

• —  tramway,  526,  528,  804 

—  underground,  526,  779,  799 
Conduits,  526,  799,  804 
Connectors,  cross,  375 
Consequent  poles,  434 
Constant  current,  58 

dynamos,  462 

and  constant  potential  dynamos,  390 

— lamps,  arc,  681 

— incandescent,  759 

motors,  498 

regulator.    See  Regulators 

Construction  of  electro-magnets,  254 
Consumption  of  carbon  in  the  arc,  649,  657, 
695,697,708 

nnc  in  cells,  56,  81 

Contact  or  slip  rings,  316 
Continuous  current,  7 

dynamos,  350 

Controlling  magnet,  xxo 

—  switch  tor  motors,  519 

Conversion  of  energy,  efficiency  of,  293,  569 
Converter,  rotary,  547 
Cooper-Hewitt  lamp,  750 
Co-phasal  alternators  and  motors,  55 1 
Copper,  pure  and  impure,  18 
Core,  armature.    See  Dynamos 

—  effect  of,  90,  305,  354 

—  electro- magnet,  90,  266 

—  induction  coil,  in,  572 

—  ring,  lines  of  force  across  a,  364,  371,  377 

—  transformer.    See  Transformers 
Cored  carbons,  667,  701 
Coulomb,  the,  23 

Counter  and  impressed  B.M.F.,  491,  561 

—  B.M.P.  of  the  arc,  657 

—  —  —  motors,  491,  500,  561 
transformers,  591,  596 

—  —  —  water,  58,  60,  604 

—  magneto-motive  force,  429 


Couples,  magnetic,  102 

—  mechanical,  xoi 
Crater,  the  arc,  650 
Creeping  in  secondary  cells,  615 
Cronipton  arc  lamp,  688 

—  potentiometer,  919 

Current,  alternating,  dynamos,  293 

—  constant,  58 

—  —  dynamos,  462 

—  continuous,  7 
dynamos,  350 

—  density  in  armature  conductors,  450 

—  —  —  secondary  batteries,  629 

—  development  of,  by  induction,  279 

—  direct,  dynamos,  350 

—  direction  of,  10 

—  distribution  of,  569,  782 

—  electric,  3,  7  m 

—  B.M.P.,  and,  in  quadrature,  590,  602 

—  heat  developed  by  a,  16.  aaa,  373,  715. 
782 

—  lines  of  force  developed  by  a,  86 

—  resistance  independent  of,  22 

—  retardation  of  a,  284 

—  strength,  23 

—  —  measurement  of,  85 

the  same  in  all  parts  of  a  circuit,  24 

—  —  unit  of,  C.G.S..  53 

—  —  —  —  practical,  23 

—  work  done  by  a,  41 

Currents,  alternating,  apparatus  for  moss- 
ing, 120,  537 

and  direct,  conversion  of,  546 

work  done  by,  588 

—  direction  of  induced,  380,  295 

—  eddy.    See  Eddy  currents 

—  K.M.P.  of  induced,  284,  573 
and,  virtual,  587 

—  Foucault.    See  Eddy  currents 

—  galvanometer  for  weak,  104,  209 

—  heavy,  apparatus  for  measuring,  115 

—  —  transformers  for,  584 

—  induced,  273,  571 

—  primary  ana  secondary,  571 
Curves,  characteristic,  391 
external,  397 

—  coercive  force,  289 

—  dynamo,  compound,  403 

—  —  series,  392 
shunt,  399 

—  K.M.P.    See  Sine  curves 

—  Fleming  standard  lamp,  766 

—  horse-power,  395 

—  hysteresis,  280 

—  incandescent  lamp  efficiency  and  life.  7j> 

737, 744.      . 

—  magnetisation,  270,  289 

—  meter,  821 

—  motor,  efficiency,  &c  ,  520 

—  polar,  669,  673,  674,  695,  700,  7»*M> 

—  potential  difference,  terminal.    See  Sac 
curves 

—  retentivity,  289 

—  secondary  battery,  charging,  632,  63a 

discharging,  633,  634 

—  variations  of  k.m.p.  on 

cuit,  635 
—  —  —  peroxide,  627 

—  sine,  303,  311,  317,  319,  35a,  359.  !&>,  iH 
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Curves,  sine,  two-phase,  317 

—  transformer,  58a,  584 
Cut-outs,  arc  lamp,  68a 

—  incandescent  lamp,  series,  759 

—  magnetic,  643,  787,  815 

—  safety  fuses,  and,  8x4 


Dangers  attending  alternators  in  parallel, 

55?        ..   , 
Daniel!  cell,  67 

D'Arsonval  galvanometer,  137 

Davy's  experiments,  648 

De  Meritens  alternator,  311 

Deat-beat  ammeters,  140 

Dead  point  in  simple  motors,  490 

Declination,  angle  of,  99 

Degrees,  electrical,  3ao 

Density,  current,  in  secondary  batteries,  629 

—  magnetic,  89,  260,  270 
transformers,  in,  576 

—  solution,  of,  in  secondary  batteries,  634, 632 
Design  of  dynamos,  points  in,  373,  421,  480 
electro-magnets,  254,  273 

transformers,  593 

Detector,  lineman's,  147 

Deterioration  of  incandescent  lamps,  730 

Development  of  current  by  a  dynamo,  294 

—  induction,  279 

Dick,  Kerr  alternator,  334 
controller,  519 

—  —  converter,  rotary,  548 

motor,  511  -.».«, 

Difference  of  potential.     See  E  M.F.,  also 

Potential 
Differential  galvanometer,  156 

—  lamps,  arc,  683 
Diffusion  of  liquids,  69 
Dimensions  of  a  coil,  262 

secondary  cells,  622 

Dimming  of  incandescent  lamps,  760 

Dip,  angle  of,  99     .        ...  ..  . 

Direct-current  circuits,  choking  coils  on,  600 
dynamos.    Set  Dynamos 

—  driven  dynamos,  333*  42°.  449.  457.  4&5 

—  reading  instruments,  121 
Direction  of  currents,  10 
induced,  280,  295 

lines  offeree,  positive,  87,  92 

—  —  magnetisation,  92 

rotation  in  motors,  496 

Disadvantages    of    under-    and    over-type 

dynamos,  276,  420 
Discharge,  electric,  3 

—  secondary  batteries,  in,  608,  626,  633 

—  —  —  —  rate  of,  6x6,  622 
Disintegration  of  filaments,  737 

—  in  secondary  batteries,  6x6,  635,  636 
Dispersion  photometer,  769 
Distortion  of  field,  310,  358,  368,  446,  448 

in  motors,  497 

Distribution,  current,  of,  569.  78a 

—  feeders  for.    Set  Feeders 

—  transformers,  by,  597 

— Stillwell  regulator  for,  598 

Double  carbon  arc  lamps,  68 1,  692,  699 

—  pole  switches,  811 

—  winding  for  resistance  coils,  3s 


Drag,  magnetic,  327 

Driving,  direct,  333.  4«o»  449.  457.  485 

Drum  armatures.    Sec  Dynamos 

Dry  cell,  74 

Drying  motor  coils,  515 

Durability  of  secondary  batteries,  637 

Dynamometer,  Siemens,  116,  600 

—  transmission,  540 

Dynamos,  actual  electromotive  force,  301 

—  alternate  current,  293 
Brown,  Boveri,  338 

—  —  —  De  Meritens,  311 

Dick,  Kerr,  334 

exciter  for,  315,  336^  345 

frequency  or  periodicity,  304,  330 

high  speed,  333 

—  humming  noise  due  to,  344 

inductor  type,  341 

Fvnn,  344 

—  —  —  —  Kingdon,  34 x 
lag  in,  310,  552 

—  —  —  mesh  winding,  323 
motors,  as,  549,  556 

parallel,  in,  339,  55*       t, .    ,      . 

—  — —  advantages  of  self-induction 

553 
choking  coil  for,  556 

—  —  —  —  —  phase  indicator,  554 

synchroniser,  554 

polyphase,  3 16,  535 

—  —  —  shuttle,  300 
—  Siemens,  331 

single  and  two  phase,  321 

star-winding,  322 

— three-phase,  318 

typical,  327 

—  —  —  Turlxs-,  333 
two-phase,  316 

—  applications  of,  485 

—  armature,  305,  366,  436 

back  magneto-motive  force,  429 

coils  in  parallel,  356,  361,  376,  438,  447, 

47i 
conductors,  current  density  in,  450 

—  eddy  currents  in,  459 

e.m.f.  varies  as  number  of,  301,  307 

laminated,  332,  459 

— short-circuited,  457 

slotted  cores,  in,  450,  452,  455 

stranded,  332,  459 

stripping  of,  367,  415 

windings,  436 

core,  305,  354,  446 

eddy  currents  in,  308,  329,  365,  415, 

459,  482 

hysteresis  in,  288,  460,  483 

lamination  of,  308,  327, 331,  366,  455, 

460,  482 

slotted,  326,  332,  437,  450,  483 

ventilation,  329,  331,  334,  33s,  373 

cross  connections,  375 

drum,  374 

—  —  —  advantages  of,  376 
and  ring,  376,  483 

—  —  —  k.m.f.  of,  441,  456 
multipolar,  437 

—  parallel  and  series  winding,  438  ^ 

— efficiency  of.     See  Dynamos,  effici- 
ency of 
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Dynamos,  armature,  flat  ring,  485 

Gramme  ring,  353,  364,  415,  431 

heat  due  to  rotation  of,  303,  373 


—  iron   core.     See  Dynamos,    armature 


idle  wire  in,  354 

core 

open  coil,  462 

Pacinotti  ring,  364 

reactions,  300,  369,  446,  471,  476,  4S4 

resistance,  effect  of,  401 

ring,  35-1,  376,4*5.  413 

■  —  and  drum,  376,  482 

rise  of  temperature  in,  308,  455,  483 

shuttle,  306 

—  —  slotted,  326,  332,  437,  450 

ventilation  of,  329,  331,  373,  418,  440, 

454.  4.58 .  • 

winding,  436 

work  done  in  driving,  310 

—  automatic  regulators  for,  409,  472,  477 

—  average  R.M.F.  of,  300,  362,  441,  456 

—  bipolar,  disadvantages  of,  446 
multipolar,  and,  446,  449 

—  brush-holder,  371,  418,  472 

—  brushes,  304,  481 

adjustment  of,  369,  429,  446,  471 

angle  of  lead,  370,  386,  429,  444,  451 

best  position  of,  372 

Endruweit,  484 

fall  of  potential  at,  456 

material  for,  446,  481,  484 

multipolar,  for,  438,  447,  455 

sparking  at,  372,  408,  442,  444,  455. 4^4, 

47',  48l»  484 

—  collectors  for,  304 

—  commutation,  350,  442,  449,  451 
poles,  445,  451,  455,  484 

—  commutator,  eight-part,  360 
four-part,  358 

—  —  insulation  of,  testing,  452 
multipolar,  438 

open  coil,  467 

resistance  at,  443 

turbo-dynamo,  for,  458 

two-part,  351 

typical,  367 

—  commutators,  350,  480 

—  compensation  windings,  457 

—  compound,  391,  403,  449,  4S4 
in  parallel,  41a 

—  compounding,  over-,  406,  808 

—  constant  current,  462 
and  constant  potential,  390 

—  continuous  current,  350 

—  curves.    See  Curves 

—  design  of,  points  in,  373",  421,  480 

—  development  of  current  by,  294 

—  direct  current,  350 

bipolar,  415 

Brown,  Boveri,  458 

Bruce,  Peebles,  449 

Brush,  466 

—  compound,  391,  403 

in  parallel,  412 

' Edison-Hopkinson,  419 

—  —  leakage  in,  422 

Holmes,  454 

Manchester,  431 

leakage  in,  434 


Dynamos,  direct  cuirent,sdf-exriting,  354x351 

separately  excited,  380 

—  series,  381 

shunt,  387 

in  parallel,  410 

—  —  —  Thomson-Houston,  473 
--Turbo,  44s,  457 

—  —  driven,  333,  4*0,  449,  457,  485 

—  distortion  of  field,  310,  358,  368,  446,  442 

—  E.M.F.,  average,  300,  362,  441,  456 
methods  ofincreasing,  300,  324 

potential  difference,  and,  306,  395,  401. 

456 

—  eddy  currents  in,  308,  329,  365.  414.  45c 
460,  f  82 

—  efficiency  of,  293,  376,  389,  421,  458,  472. 

483 

—  electro-deposition,  for,  486 

—  elementary  principles  of,  292 

—  equalising  rings,  452 

—  external  characteristics,  397 

—  field  of,  253 

area  of,  between  pole-pieces.  428 

distortion  of,  310,  358,  368,  446. 44s 

magnets,  378 

calculations  for,  496 

cast  and  wrought  iron,  267,  379. 415. 

43»       ,    . 

design  of,  378,  426 

magnetic  insulation  of,  419 

—  permanent  and  electro-majrneu  fo 

3*1.  3i5  . 

residual  magnetism  in,  382,  194 

rotating,  327,  330 

saturation  of,  384,  393 

steel  for,  295,  379 

;  resultant,  368,  498,  558,  563 

—  friction  losses  in,  293,  384,  415.  4^ 

—  homopolar,  482 

—  Hopkinson's  experiments  with.  431.  4U* 

4&>>  54* 

—  insulation  of  commutator,  test  for,  4^2 

—  lag  in,  310 

—  lamination.    See  Dynamos,  armature  core 

—  lap  and  wave  winding,  418 

—  lead,  angle  of.    See  Angle  of  lead 

—  leakage  in,  364,  371,  378,  420,  422,  434 

—  limitations  to  e.m.k.,  307,  '384 

—  losses  in,  291,  385,  4»5.  4«.  443.  45**  4** 

—  lubricating  devices,  451,  457 

—  magnetic  circuit,  426 

resistance  of,  427 

drag,  327     . 

—  magneto-electric,  311 

—  motor-,  531,  535,  547 

—  motors,  as,  492 

—  multiphase,  316 

—  multipolar,  437 

armature  coils  in  parallel,  438,  447 

Bruce,  Peebles,  449 

brushes  for,  438,  447 

commutation  for,  438 

drum  armature,  438,  446 

e.m.p.  of,  441,  456 

fall  of  potential  in,  456 

field  of  force,  446 

flat  ring,-  485 

Holmes,  454 

series  and  parallel  winding,  438,  447 
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Uynamos,  multipolar^  wave  and  lap  winding, 

438  'I       A 

—  open-coil,  462 

—  Brush,  466 

efficiency  of,  472 

Thomson-Houston,  473 

—  over-  and  under-type,  276,  420 

—  parallel,  in,  339,  410,  79a  .     . 
and  series  multipolar  windings,  438 

-  periodicity,  304,  330 

—  permeability,  329,  364,  378,  435 

—  phase  indicator,  554 

—  pole-pieces,  laminated,  335,  483 

—  poles,  commutation,  445,  45T,  455,  484 

—  polyphase,  316 

—  potential  difference  and  B.M.F.,  306,  385, 

4<>i»  456 

—  power  absorbed  by,  294,309,  382,  415 

developed  by,  limitations  to,  384 

—  rate  of  alternation,  304,  330 

—  regulation  of,  387,  390,  402,  408,  462,  472, 

477 
secondary  batteries  for,  642,  787 

—  regulator,  Brush,  472 

—  —  Thomson-Houstonf  477 

—  resultant  field,  368,  498,  558,  565 

—  -  rotor,  334 

—  self-exciting,  350,  381 

—  separately  excited,  380 

—  series,  381 

—  —  and  parallel  winding,  multipolar,  43S 
shunt  compared,  390 

—  armature  coils  in  parallel,  472 

in,  409 

varying  external  resistance,  effect  of, 

386 

—  shunt,  387 

—  —  parallel,  in,  410 

—  —  secondary  batteries,  for  charging,  64a 

—  sine  curves.     See  Curves 

—  slotted  cores,  326,  329,  332,  437,  450,  483 

—  sparking,  372,  408,  442,  446,  455,  464,  471, 

481,  484 

—  speed  of,  effect  of  altering,  404 
peripheral,  331,  339,  359 

—  star  and  mesh  winding,  322 

—  stator,  327 

—  summary  on,  480 

—  synchroniser,  554 

—  temperature  rise  in,  308,  455,  483 

—  —  uniform,  necessity  for,  484 

—  Turbo-,  445,  457, 

—  two-  and  three-phase,  316 

—  undertype,  disadvantages  of,  276,  420 

—  ventilation  of,  329,  331,  334,  335,  373, 418, 

450,454,458       . 

—  wave  and  lap  winding,  433 

—  working  temperature,  483 

—  wrought  and  cast  iron  for,  267,  379,  415, 
431 

Dynamometer,  electric,  1x6 
Dynamotor,  546 
Dyne,  the,  53 


E.M.F.,  15,  22,  54  ' 

—  actual,  of  dynamos,  301  j 

—  arc  lamps,  required  for,  648,  657,  676,  694,  j 
699,  700 


E.M.F.,  average,  300,  362,  441,  456 

—  calculation  of,  300 

—  comparison  tests,  204 

—  counter.    See  Counter  B.M.F. 

—  current,  and,  in  quadrature,  590,  602 
virtual,  587 

—  curves.    See  Curves 

—  dynamos  of,  methods  of  increasing,  300, 

3.24 

—  induced  currents,  of,  298,  573 

—  Lumsden's  test  for,  211 

—  measurement  of,  203- 

—  opposition  test  for,  207 

—  potential  difference,  and,  81,  232, 306,  385, 

401,  456 

—  potentiometer  method  of  testing,  2x5 

—  resistance  independent  of,  22 

—  secondary  batteries,  of,  607 

—  tests    with    tangent   galvanometer,    204, 
209 

—  two-phase  alternators,  of,  317 

—  unit  of,  cg.s.,  54,  300,  362 
practical,  15,  300 

—  voltmeters  for  testing,  222 
E.P.S.  cell.    See  Secondary  batteries 
Earth  a  magnet,  the,  99 

—  return,  7,  524,  526,  804,  807 
Earth's  total  magnetic  force,  90 
Economical  arrangement  of  cells,  81 
Economiser  for  flame  lamps,  702,  706 
Eddy  currents,  308,  329,  365,  415,  459,  460, 

482,  524 

armature  conductors,  in,  459 

choking  coils,  in,  599 

transformers,  in,  573,  576,  595 

Edison  filament,  719 

Edison- Hopkinson  dynamo,  4x9 

Efficiency  of  armatures.    See  Dynamos 

conversion  of  energy,  293,  569 

dynamos.    See  Dynamos 

lamps,  arc,  665,  668,  677,  69s,  702 

incandescent,  730,  733,  737, 741, 743 

749 

motors,  505,  518,  540 

secondary  batteries,  638 

—  —  transformers,  574,  593 
Eight-part  commutator,  360 
Electric  arc,  the,  647 

—  attraction  and  repulsion,  t,  6 

—  brake,  523 

—  current,  3 

—  discharge,  3 

—  dynamometer,  116 

—  gauge,  131 

—  lighting  by  primary  batteries,  75 

—  lines  of  force,  4 

—  railway.    See  Railway 

—  states,  two,  x 

—  tramway.    See  Tramway 

—  welding,  584,  810 
Electrical  degrees,  320 

—  efficiency  of  dynamos.    See  Dynamos 

—  energy,  Board  of  Trade  unit,  42,  818 
practical  unit,  41 

—  horse-power,  42 

—  quantity,  unit  of,  23,  54 
Electricity  meters,  818 
Electrification  by  friction,  1 
Electro-chemical  equivalents,  57 
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Electro-deposition,  dynamos  for,  486 
Electro-dynamometer,  Siemens,  116 
Electrodes,  605 
Electrolysis,  604,  829 
Electrolytic  meters,  839 
Electro-magnet,  the,  250 

—  armature  for,  255,  373 

—  attractive  power  of,  955 

—  coil,  dimensions  of,  262 

—  construction  of,  954 

—  core  of,  90,  266 

—  design  of,  354,  273 

—  field  developed  by,  87,  254 

—  layers,  effect  of  increasing,  262 

—  saturation  point  of,  128,  268,  393 

—  sustaining  power  of,  273 

—  yoke  for,  274 
Electro-magnetic  ammeters,  127 

—  and  electrostatic  voltmeters,  248 

—  conductivity,  257 
— field,  87 

—  — 'e.  m.f.  developed  in  a  conductor  by, 
279 

—  —  produced  by  a  solenoid,  89 
strength  of,  89,  251 

varies  as  strength  of  current,  256 

— —  number  of  convolutions,  255 

—  induction,  »so,  279,  288 

—  voltmeters,  23 r 

heating  error  in,  230,  236,  241 

■  resistance  of,  231,  238 

Electromotive  force.     See  B.M.F. 
Electrostatic  and  electromagnetic  voltmeters, 
248 

—  capacity,  10,  43 

—  condensers,  45 

—  voltmeters,  241 

—  —  for  low  potentials,  215 
Elementary  principles  of  aynamo,  293 
Enclosed  arc,  694 

Endruweit  brushes,  484 
Energy,  Board  of  Trade  unit  of  electrical,  42, 
818 

—  efficiency  of  conversion  of,  293,  569 

—  unit  of  electrical,  41,  S3 
Equalising  rings,  452 
Equipment,  installation,  778 
Equivalents,  electro-chemical,  57 
Erg,  the,  53^ 

Error,    heating,    in    voltmeters,    230,    236, 

241 
Ether,  4,  86,  652 
Evershed  s  ammeter,  131,  145 

—  Bridge-megger,  188 

—  megger,  18  r 

—  ohtnmeter,  180 

—  voltmeter,  237 

E wing's  experiments,  268,  289 
Excel lo  arc  lamp,  704 
Exciter  for  alternator,  315,  336,  345 
Exhausting  lamp  bulbs,  723 
Expansion,  coefficient  of,  222,  235,  722 

—  metals,  of,  by  a  current,  222 

—  secondary  cells,  in,  617,  633 

External  characteristics  of  dynamos.      See 
Curves 

—  potential  difference  of  batteries,  81 

—  —  —  —  dynamos.  ^  See  Dynamos 
Eye  as  a  photometric  instrument,  the,  766 


Fall  of  potential  in  arc  lamps,  657,  ty,  ty. 
700 

—  —  —  —  batteries,  8r 

— —  conductors,  757,  783,  807 

-^  —  —  —  meters,  821 

— secondary  cells,  633 

Farad,  the,  43 
Faraday's  transformer,  575 
Faure  secondary  cell,  61  x 
Feeders,  531,  598,  791,  808 

—  Board  of  Trade  limitations,  809 

—  pillars  for,  Prescot,  808 
Feeding,  arc  lamps,  in,  649,  683,  684 
Ferranti  meter,  819 

Field,    distortion   of.      See    Distortion   < 
field 

—  electro-magnetic     See  Electro-«asn«'r 
field 

— -  magnets,  dynamo.    See  Dynamos 

—  of  force,  87,  93,  250 

iron  in  a,  89,  95,  355 

—  measurement  of,  89,  251,  28s 

resultant,  368,  408,  558,  565 

—  —  —  strongest  part  of  a.  128 

—  uniform,  100,  138,  295 

— unit,  90.  299,  362 

Fields,  magnetic,  attraction  and  reporoa 

Itetween,  88,  488 
Filaments.    See  Incandescent  lamps 
Flame  lamps,  699 

regenerative,  703 

Flashing,  721 

Flat-ring  armatures.    See  Dynamos 

—  spirals,  effects  between,  88 
Fleming  standard  lamp,  765 
Flexible  ruler,  393 
Floating  cell,  88 

Fluid  insulators,  6x5 
Flux,  magnetic,  258,  456 
Focussing  arc  lamps,  68  x 
Force,  coercive,  92,  290,  460,  483 

—  earth's  total  magnetic,  99 

—  electric  lines  of,  4 

—  electromotive.    Set  E.  M.  F. 

—  field,  of,  87,  93,  25° 

—  lines  of.    See Lines  of  force 

—  magnetising,  intensity  of,  at  a  point.  n» 
total,  255 

—  magneto-motive,  256,  377 

—  measurement  of  lines  of,  271 

—  positive  direction  of  lines  of,  87,  93 

—  unit  of,  C.G.S.,  S3 

Forces,  parallelogram  of,  xoo,  369,  55* 

Forks  in  secondary  cells,  6x3 

Forming  secondary  battery  plates,  608, 61c 

611,  622 
Foucault  currents.    See  Eddy  currents 
Four-part  commutator,  358 
Frames,  resistance,  39 
Frequency,  304,  330 
Friction  brake,  523,  540 

—  electrification  by,  x 

—  losses  in  dynamos,  293,  384,  415.  4S9 
motors,  545 

Frosted  globes,  775 
Fuller  cell,  73 
Fundamentalunits,  52 
Fuses,  815 
Fynn  alternator,  344 
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Galvanometer,  ballistic,  287,  423 

—  bridge,  175 

—  D'Arsonval,  137 

—  differential,  156 

—  Paul'st  176 

—  reflecting,  178 

—  tangent,  104  t 

for  measuring  B.M.F.,  204,  209 

resistance,  150,  152 

—  —scale,  109 
skew  scale,  115 

—  Wheatstone  bridge,  175 
Gas  battery,  605 
Gauge,  ampere,  131 

Gearing  for  motors,  506,  510,  516 

Geissler  pump,  723 

Generating  plant  for  South  London  Railway, 

534 
Tramway,  531 

—  —  —  Central  London  Railway,  535 
Generators.    See  Dynamos 
Globes,  arc  lamp,  680 

Good  and  bad  lamps,  tests  of,  736 
Gramme,  the,  52 

—  armature,  364,  415,  435 

as  a  transformer,  577 

leakage  across  a,  435 

Gravity  ammeter,  131 

—  specific,  624 

—  voltmeter,  Evershed,  237 
Grease-spot  photometer,  767 
Greenwich  power-station,  531 
Grouping  of  cells,  78 
Grove  cell,  71 

—  gas  battery,  605 
Guard  wires,  807 
Guttapercha  and  indiarubber,  800 

Hammering  a  magnet,  effect  of,  276 
Harcourt  pentane  standard,  761 
Hard  and  soft  copper,  794 
Hardening  steel,  effect  of,  274 
Heat,  capacity  for,  223 

—  developed  by  a  current,  16,  222,  373,  7x5, 
782 

—  —  —  rotation  of  dynamo  armature,  308, 

373 

—  expansion  of  metals  by,  222 

—  latent,  655 

—  magnet,  effect  of,  upon  a,  277 

—  resistance,  effect  of,  upon,  19 

—  specific,  223 

—  temperature,  and,  223,  7 16 

—  unit  of,  224 

Heating  error  in  voltmeters,  230,  236 

—  incandescent  lamp  terminals,  of,  727 
Heavy  cements,  transformers  for,  584 

—  discharge  cells,  616 
Hefner  amyl-acetate  lamp,  763 
Helices,  88,  96 

Henry,  the,  59T 

High  potential  voltmeters,  24T 

—  voltage  lamps,  729 

— —  circuits,  tantalum  lamps  on,  743 
Hissing  in  arcs,  660,  677 
Holders  for  incandescent  lamps,  726 
Holmes  Lundell  motor,  538 

—  multipolar  dynamo,  454 
Homopolar  dynamo,  482 


Hopkinson's  experiments,  290, 421,  434,  460 

54» 
Horse-power,  the,  42 

—  curves,  395 

—  electrical,  42 

—  incandescent  lamps  per,  758 

—  lines,  394 

Horseshoe  and  bar  magnets,  254 
Hot-wire  voltmeters,  222 
Hughes's  experiments,  277 
Humming  in  arc  tamps,  67s 
Hydrometers,  624 
Hysteresis,  288,  460,  48) 

—  choking  coils,  in,  599 

—  curves,  289 

—  transformer  core,  in,  573,  576,  595 

Idle  wire  in  ring  armatures,  354 
Illumination,  647,  668,  773 

—  unit  of,  774 
Impedance,  592,  594 

Impressed  and  counter  R.M.F.,  491,  561 
Impurities  in  carbons,  655,  665 

—  —  iron,  274 
Incandescent  lamps,  715 

adapter  for  tantalum,  743 

air  pumps  for,  723 

alternating  current  circuits,  on,  740,  760 

American,  tests  of,  734 

anchored  filaments,  729 

applications  of,  760 

had  and  good  lamp  tests,  716 

blackening  of  bulbs,  738 

—  —  British  Thomson-Houston,  736 

candle-power  of,  728,  743,  749 

carbon  filaments,  719 

carbonising,  720 

choking  coils  for,  760 

constant  current,  for,  759 

Cooper-Hewitt,  750 

cost  of  renewals,  758 

curves,  735,  737,  744 

cut-outs  for  series,  739 

deficiencies  of  metals  for,  717 

—  —  deterioration  of,  730 

—  —  dimming,  760 

disintegration  of  filament,  737 

Edison  filament,  719 

efficiency  and  lite,  730,  733,  737,  741, 

743.  749       . 

exhausting,  723 

flashing,  721 

good  and  bad  lamp  tests,  736 

heating  of  terminals,  727 

high  voltage,  729 

—  —  circuits,  Tantalum  lamps  on,  743 

holders  for,  726 

horse-power,  per,  758 

inclined  filaments,  729 

initial  rating  tests,  733 

large  bulbs,  advantage  of,  738 

life  and  efficiency.    See  Efficiency 

losses  in  conductors,  757 

lug  connectors,  729 

mercury-vapour,  750 

metal  filaments  for,  717,  740 

Moore,  752 

mounting,  722 

multifilament,  729 
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Incandescent  lamps,  Nernst,  748 

—  —  over-  and  under-running,  736,  743,  756 

parallel  and  series,  in,  754,  759,  788 

parchmentising,  720 

Paterson's  experiments,  733 

power  absorbed  by,  731,  754 

renewals,  cost  of,  758 

, requirements  for,  719 

resistance  of,  743,  75 «; 

sealing,  725 

series,  759 

in,  759.  788 

Siemeas  Tantalum,  tests  of,  743 

sockets.    See  Holders 

—  —  standard,  732 

steadying  resistance,  752 

street-lighting,  for,  760 

Swan  filament,  719,  720 

switch  for  holders,  728 

two-way,  for  series,  759 

Tantalum  lamp,  742 

—  properties  of,  741 

target  diagrams,  733 

temperature  of  filament,  739 

—  —  tests  of  tantalum,  743 

under-  and   over-running,    736,    743, 

756 

—  —  vacuum  testing,  725 

—  —  —  tube  lamp,  752 

volatilisation  of  filaments,  739,  755 

volts,  effect  of  varying,  736,  743,  756 

Von  Bolton's  experiments,  741 

Increase  in  area  of  field  between  pole-pieces, 

428 
temperature  of  dynamo  armatures,  308, 

,  373    . 

Increasing  e.m.f.  of  dynamos,  300,  324 

—  layers  of  wire  in  a  coil,  262 
Indiarubber  and  guttapercha,  800 
Indicator,  phase,  554 

Induced  currents.  273,  571 

direction  of,  280,  295 

B.M.F.  of,  298,  573 

Inductance,  591 

Induction  between  parallel  conductors,  279 

—  coils,  57 t,  573 

—  development  of  current  by,  279  ' 

—  electro-magnetic,  250,  279,  288 

—  magnetic,  252,  288 
intensity  of,  252 

—  motors,  556 

counter  K.M.F.in,  561 

resultant  field  in,  558 

self-induction  in,  561 

squirrel  cage,  559,  561,  563,  567 

torque  in,  560 

Westinghouse,  567 

—  self-.     Sec  Self-induction 
Inductor  alternators,  341 
Inertia,  magnetic,  92,  276 

—  mechanical,  553 

Initial  rating  of  incandescent  lamps,  733 
Installation  equipment,  778 
Insulated  cables,  overhead,  797 

—  steel  tubing,  804 
Insulation,  bitumen,  801 

—  indiarubber  and  guttapercha,  800 

—  magnetic,  of  field-magnets,  419 

—  oil,  800 


Insulation,  open-coil  dynamos,  in.  463 

—  paper,  80a 

—  resistance,  179 

—  test  for  commutators,  452,  515 

—  tramway  conductors,  ot,  526,  527,  52s,  533 
Insulators,  xx,  615,  794,  795*799*  805 

—  leakage  at,  794,  706,  806 

—  overhead  work,  for,  795,  805 
— -  secondary  batteries,  for,  6x5 
Intensity,  luminous,  656,  662 

—  magnetic,  259 

force,  of,  at  a  point,  259 

, induction,  of,  252 

1    Interna]  resistance,  effect  of,  75 

—  wiring,  805 

'    I ntrinsic  brilliance  of  crater,  658, 66s,  66S,  7.-0 
Inverted  arcs,  674 
Iron,  cast  and  wrought,  267,  379,  415,  4?t 

—  copper  conductors,  and,  778 

—  core,  effect  of,  90,  305,  354 

—  —  in  an  induction  coil,  57a 

—  field  of  force,  in,  89,  95,  355 

—  impurities  in,  274 

—  Lowmoor,  253,  268 

—  magnetic  saturation  of,  128.  26E,  101 

—  permeability  of,  00,   250,  252,   **>.  r'l, 

3645  379.  435 

—  rods,  arc  between,  662 

—  soft,  252 

—  Swedish,  253 

—  wrought  ana  cast,  267,  379,  415,  4"' 


Jandus  lamp.  697 

Joining  up  cells,  methods  of,  78 

Joint,  Britannia,  797 

—  resistance  of  parallel  conductors,  ?6 

Jointing,  797 

Joule,  the,  41 


Keepers,  or  armatures,  98,  255,  271 
Kelvin  balance,  121 

—  recording  ammeter,  145 

—  volt  balance,  244 

—  voltmeters,  241 
Kennedy  tramway  system,  526 
Kilowatt,  the,  42 

Kilowatt -hour,  the,  42,  818 
Kingdon  inductor  alternator.  341 
KirchhorFs  laws,  2x3 


Lag,  310,  550,  55a,  56a,  58*,  59*t  594.  5** 
601 
1    laminated  armature  conductors,  33s,  459 

cores,  308,  327,  33r,  366,  455,  460.  «fc 

,    —  cores  in  alternating  current  lamps,  673 

transformers,  573,  576,  579 

I    —  magnets,  275 
■     Lamp-holders,  726 
1     Ijunpe  Soleil,  699 

I^amps,  arc.    See  Arc  lamps 

—  incandescent.    See  Incandescent  lamp* 

Lap  and  wave  winding,  438 

Large  bulbs,  lamps  with,  758 

Intent  heat.  655 
1    Law,  Kirchnotrs,  213 


—  Ohm's,  23 
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layers  in  a  coil,  increasing  the,  262 
Lead,  angle  of,  370,  386,  429,  444 
in  motors,  445,  497,  499 

—  covered  cables,  80a 

—  peroxide  of,  607,  627 

—  sulphate  of,  609,  635 
Leakage  at  insulators,  794,  796,  806 

—  magnetic,  258,  260.    Set  also  Dynamos 

—  —  transformers  in,  593 
Leclanche  cell,  58 

agglomerate  form,  61 

length  of  arc.    See  Arc  lamps 
wire  in  a  coil,  262 

—  resistance  increases  with,  20 

Life  of  incandescent  lamps.     Sec  Efficiency 
1  Jgbt,  analysis  of,  652 

—  beam  of,  652,  769 

—  measurement  of,  761 

—  reflection  of,  654,  768,  769,  773,  776 

—  velocity  of,  652 
Line  of  force,  unit,  99 
Lineman's  detector,  147 

Lines  of  force  about  a  conductor,  86,  251 

magnet,  86,  92,  251 

across  a  core-ring,  364,  371,  377 

calculating  number  of,  257*  4»7 

electric,  4 

measurement  of,  269 

method  of  increasing,  91 

— positive  direction  of7  87 

s-  through  a  magnet,  92 

Liquid  insulation,  800 

Liquids,  diffusion  of,  69 

Litharge,  61  x 

FJverpool  Overhead  Railway,  518 

Loaded  circuits,  319 

Local  action  in  primary  cells,  69 

secondary  cells,  609 

Long  arc,  694 

Ixx>p  test,  174         .  . 

Losses,  arc  lamp  circuits,  in,  678 

—  dynamos,  in,  293,  385,  415,  4a2»  443>  45°. 
483 

—  hysteresis,  a88,  460,  483*  573.  57$,  595. 599 

—  mains,  in,  569.  757.  779.  783.  79°.  *°7 

—  motors,  in,  505*  54°>  545 

—  transformer,  in,  593 
Low-potential  voltmeters,  electrostatic,  245 

—  —  —  hot-wire,  231 

—  resistance,  measurement  of,  165 
Ix>wmoor  iron,  253,  268 
Lubricating  rings,  451 
Luminosity,  652 

Luminous  and  thermal  rays,  772 

—  intensity,  656,  662 
Lummer-Brodhun  photometer,  770 
Lumsden's  test  for  K.M.P.,  211 
Lundell  motor,  538 

Machine,  dynamo-electric.    See  Dynamos 
Magazine  arc  lamps,  708 
Magnet,  armatures,  98,  255,  273 

—  axis  of,  99 

—  controlling,  ixo 

—  earth  a,  the,  99 

—  effect  of  heat  upon  a,  277 

twisting  and  hammering  a,  276 

vibration  upon  a,  276 


Magnet,  field  due  to  a,  93 

—  laminated,  275 

—  lines  of  force  about  a,  86,  92,  251 
through  a,  92 

—  permanent,  92,  274 

—  pole,  strength  of,  98 
unit,  98 

—  saturation,  point  of  a,  128,  268,  393 

—  sustaining  power  of  a,  273 

—  tungsten  steel  for,  277 

—  twisting  and  hammering  a,  276 
Magnetic  attraction  and  repulsion,  97 

—  blow-out  for  flame-arcs,  707 
for  motors,  521 

—  brake,  524 

—  circuit,  255,  257,  4»7-  57a.  593 

of  dynamos,  426 

transformers,  572,  593 

—  couple,  moment  of,  102 

—  cut-out,  643,  787,  815 

—  declination,  99 

—  density,  89,  260,  271 
in  transformers,  576 

—  dip,  99 

—  drag,  327 

—  field,  87,  93,  250 

due  to  a  solenoid,  258 

strength  of,  89,  10a,  252 

uniform,  100,  138,  295 

unit,  99,  299,  362 

—  fields,  attraction  between,  88,  488 

—  flux,  258 

—  force,  the  earth's  total,  99 

—  induction,  252,  288 

—  inertia^  92,  276 

—  insulation  of  dynamo  magnets,  419 

—  intensity,  259 

—  leakage.     See  leakage 

—  measurements,  285 

—  permeability,  90,  250,  252,  266,  288,  329, 

364.  379i  435 

—  poles,  92 

—  reluctance,  256,  325 

—  resistance,  255 

of  air,  258 

—  dynamos,  427 

—  retentivity,  92,  274,  289 

—  saturation,  128,  268,  393 
Magnetisation  curves,  270,  289 

—  direction  of,  92 

—  superficial,  275 

—  superimposed,  278 
Magnetising  force,  259 
Magnetism,  E  wing's  experiments,  268 

—  Hughes's  experiments,  277 

—  residual,  382,  384,  394 

—  terrestrial,  99 
Magnetite  ar-  lamp,  66a 

Magneto  and  dynamo  electric  machines,  31  t 
Magnetometer,  the,  271 
Magnetomotive  force,  256,  377 

back  or  counter,  429 

Magnets,  action  between,  97 

—  bar  and  horseshoe,  254 

—  permanent,  91,  274 

Mains,  losses  in,  569,  757,  779,  783.  79o,  807 
Manchester  dynamo,  431  ' 

Manganese  steel,  275 
Manila  paper,  802 
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Mansbridge's  condenser,  49 
Manufacture  of  carbons,  666 
Maximum  sensitiveness,  angle  of,  114 
Measurement,  current  strength,  of,  85 

—  electromotive  force,  of,  203 

—  light,  of,  761 

—  lines  of  force,  of,  269 

—  magnetic,  485 

—  mechanical  and  electrical  power,  of,  540 

—  resistance,  of,  149 

Measuring  instruments,  direct  reading,  121 

—  strength  of  field,  89,  102,  252 
Mechanical  air-pumps,  723 

—  couples,  io-j 

—  inertia,  553 

Mechanism  of  arc  lamps,  640,  683 
Megger,  Evershed's,  181 
Megohm,  the,  17 
Mercury  air-pumps,  723 

—  vapour  lamp,  750 

Metal  rods,  arcs  between,  662 
Metallic  filament  lamps,  740 
Metals,  expansion  of,  by  heat,  22a 

—  incandescent  lamp  filaments,  for,  717,  740 
Meters,  818 

—  alternating  currents,  for,  823 

—  Aron,  821 

—  Bastianj  830 

—  Ferranti,  819 

—  Shall  en  berger.  824 

—  Thomson,  Elinu,  827 

Method  of  starting  shunt-wound  motors,  499 
Methods  of  grouping  cells,  78 

—  —  increasing  K.M.F.  of  dynamos,  300,  324 
lines  of  force,  91 

joining  up  cells,  78 

reducing  counter  e.m.f.  of  motors,  500 

Metre,  the,  52 

—  bridge,  165 
Mho,  the,  28 
Mica,  367,  450,  480 
Microfarad,  the,  43 
Microhm,  the,  17 

Middle  rail.     See  Third  rail 

—  wire.     See  Three-wire  system 
Mil,  the,  264 

Mild  steel  and  wrought  iron,  267,  379 

Minium,  6ti 

Moment  of  magnetic  couple,  102 

Moore  lamp,  752 

Mordey  fuse,  817 

Motor-dynamos,  546 

—  properties  of  alternators,  551 
Motors,  488 

—  alternating  current,  549 

—  alternators  as,  549,  556 

—  angle  of  lead  in,  445,  497,  499 

—  brakes  for,  523 

—  brushes  for,  carbon,  516 

—  commutator,  insulation  test  of,  515 

—  connections  of,  for  tramcar,  521 

—  constant  current  and  constant  potential,  498 

—  controlling  switch  for,  519 
Dick,  Kerr,  519 

—  co-phasal,  551 

—  counter  E.M.F.  of,  491,  500,  561 
methods  of  reducing,  500 

—  dead  point  in  small,  490 

—  Dick,  Kerr,  511 


Motors,  distortion  of  field  in,  597 

—  drying  coils,  515 

—  dynamos,  531,  535,  547 
as,  492 

—  eddy  currents,  534 

—  efficiency  of,  505,  51$,  54a 

—  electric  brake,  5*3 

—  feeders  for,  531 

—  friction,  losses,  54s 

—  gearing  for,  506,  510,  516 

—  general  principles,  488 

—  Greenwich  power-station,  531 

—  Holmes,  538 

—  Hopkinson's  test,  541 

—  impressed  and  counter  E.M.F.,  491,  561 

—  induction,  556 
squirrel-cage,  559,  561,  563,  567 

—  Liverpool  Overhead  Railway,  518 

—  losses  in,  505.  54©»  545 

—  Lundelt,  538 

—  magnetic  blow-out  for,  521 
brake,  524 

—  parallel,  in,  505,  511,  5a*,  536 

—  polyphase,  558  . 

—  power  and  traction,  for,  502 

—  Preston,  511 

—  regulation  of,  499 

—  resistance  coils  for,  499,  504,  511,  531 

—  resultant  field,  498,  558,  565 

—  reversal  of,  519 

—  self-induction  in,  546,  552,  555,  561 
regelating  properties,  499 

—  series,  496,  502,  511,  535 

in,  505,  511,521,  535 

regulation  of,  499 

—  shunt,  496,  408 

method  of  starting,  498 

series  turns  on,  501 

—  slip  in  induction,  561 

—  slotted  armatures,  with,  496,  510,  514 

—  sparking  at  brushes,  498,  546 

—  speed  of,  49»..5<>3,  5?S 

—  squirrel-cage  induction,  559,  561,  56 j.  $$7 

—  stripping  o? armature  conductors  493 

—  switch  for,  519 

—  synchronism,  550 

—  synchronous  and  asynchronous,  550 

—  three-phase,  558,  565 

—  torque  in,  493,  549,  560 

—  traction,  for,  50a,  507 
secondary  batteries  for,  536,  64! 

—  truck,  518 

—  two-phase,  558 

—  ventilation  of,  511,  567 

—  weight  in,  reason  for  small,  490 

—  Westinghouse,  509 

induction,  567 

Mounting  filaments,  733 
Moving  coil  ammeters,  137 

I galvanometers,  D'Arsonval,  137 

I Paul,  176 

I  —  —  voltmeters,  338 

j  —  iron  ammeters,  137 

. voltmeters.  334 

I  Multicellular  voltmeters,  345 

Multifilament  tamps,  739 

I  Multipliers  for  voltmeters,  330,  239 

I  Multipolar  dynamos.    See  Dynamos 

I  Mutual  action  between  magnetic  fiekls,8M& 


Index 


845 


Nbrnst  lamp,  748 
Neville  automatic  switch,  643 
Nichol's  slit  photometer,  653 
Nickel-ftteel,  339 


Occlusion,  605,  667,  721,  7»*»  7*5 

Ohm,  the,  16 

Ohmmeter,  180 

Ohm's  Law,  33 

Oil  insolation,  800 

Open-coil  dynamos.    See  Pynamos 

Opposition  method  of  testing  H.M.F.,  207 

Onfiamme  arc  lamp,  708  m         # 

Over-     and     under-running     incandescent 

lamps,  736,  743.  75° 
Over-  and  under-type  dynamos,  276,  420 
Over-compounding,  406,  808 
Overhead  conductors,  536,  794,  805 
for  tramways,  526,  805 

—  railway,  Liverpool,  318 

Pacinotti  ring,  364 
Paper  insulation,  802 

—  squared,  270 

Parallel,  alternators  in,  339i  55* 

—  and  series,  arc  lamps  in,  677,  081 
cells  in,  78 

dynamos  in,  409 

incandescent  lamps  in,  754>  759>  788 

motors  in;  503 

—  armature  coils  in,  356,  361.  376»  438|  447> 

47* 

—  ceils  in,  78 

—  circuits,  26,  156       . 

—  conductors,  attraction    between,  85,  88, 

Il6,  121 

instruments  for  measuring,  110 

induction  between,  279 

joint  resistance  of,  26 

—  direct  current  dynamos  in,  410,  792 

—  motors  in,  505,  5«>  522,  53^ 

—  secondary  batteries  in,  621 

—  transformers  in,  597 
Parallelogram  of  forces,  100,  369,  558 
Parchmentising,  720  . 

Paste  in  secondary  batteries,  analysis  of,  027 

disintegration  of,  616,  635,  636 

Pasted  plates  for  secondary  batteries,  611 
Paterson's  experiments,  733 
Paul's  galvanometer,  170 
Pentane  standard,  761 
Percentage  of  lead-oxide,  627    . 
Periodicity  or  frequency,  3°4i  33° 
Peripheral  speed  in  dynamos,  330,  339,  359 
Permanent  and  electro-magnets  for  dynamos, 

3«>  3*3 

—  magnets,  92,  274 

—  —  armatures  for,  98 

Permeability,  90,  250,  252,  266,   288,  329, 

364»  379i  435 

—  air,  of,  250 

—  bismuth,  of,  252 

—  dynamos,  of,  364,  378,  435 

—  iron,  of,  232 
Peroxide  of  lead,  607,  627 
Phase  indicator,  554 
Photometers,  761 


Photometers,  Ayrton  and  Perry,  769 

—  Bunsen,  767 

—  Lummer-Brodhun,  770 

—  Nichols,  653 

Photometric  instrument,  the  eye  as  a,  766 

Pi  (*),  264 

Pillar,  Prescot,  808 

Pilot  wires,  785 

Pinching  and  Walton's  waterproof  fittings, 
812 

Plant,  generating,  for  South  London  Rail- 
way, 534 

1  ramway,  53X 

Plante*  cell,  607 

Platinoid)  19 

Platinum  and  carbon  filaments,  718 

—  coefficient  of  expansion,  222,  225,  722 

—  melting  point  of,  816 

—  standard  of  light,  764 
Plough.    See  Trailer 

Point,  intensity  of  magnetisation  at  a,  259 

—  saturation,  128,  268,  393 

Polar  curves,  669,  673,  674,  695,  700,  703,  709 
Polarisation,  58,  Go,  604 
Polarity,  prediction  of,  95 
Pole,  magnet,  strength  of,  98 

—  —  unit,  98 

Poles,  consequent,  434 

—  magnetic,  92 

Polyphase  alternators,  316,  535 

—  motors,  558 
Porous  pots,  58,  67 
Portable  testing  apparatus,  180 
Position  of  brushes,  best,  371 
Positive  and  negative  electrification,  2 

—  direction  of  lines  of  force,  87 

—  pole  and  negative  plate,  607 
Potential,  6 

—  difference,  6,  15,  54 

apparatus  for  measuring,  203 

dynamo  terminals,  at,  306,  385,  401 

E.M.F.,  and,  81,  232,  306,  385,  401, 45 

external,  of  batteries,  81 

—  fall  of,  in  arc  lamps,  657,  676,  694,  700 
batteries,  81 

conductors,  757,  783,  807 

—  meters,  821 

—  secondary  batteries,  633 

tramway  conductors,  807 

—  —  —  dynamo  brushes,  at,  456 

—  high,  voltmeters,  241 

—  low,  voltmeter,  electrostatic,  245 
hot  wire,  231 

—  zero,  15 
Potentiometer,  2x6 

—  Crompton,  219 

—  method  of  testing  K.M.K.,  216 
Power  absorbed  in  ammeters,  136,  143 

circuits,  569,  757,  779 

dynamos,  294,  309,  382,  415 

lamps,  arc,  658,  662,  676,  702 

incandescent,  731,  754 

—  voltmeters,  233,  238 

—  factor,  582,  590 

—  rate  of  working,  or,  41 

—  sustaining,  of  a  magnet,  273 

—  transmission,  motors  for,  502 

of,  569 

—  unit  of,  42 
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Practical  Daniell  cells,- 67 

—  units,  14 

Prediction  of  polarity,  95 
Prescot  pillar,  808 
Presspahn,  399 
Preston  motor,  511 

Primary  and  secondary  circuits,  571 

—  batteries,  55 

—  —  for  electric  lighting,  75 
Protection  of  cables,  800 
Pumping  in  arc  lamps,  659 
Pumps,  air,  723 


Quadrature,  b.m.f.  and  current  in,  590, 

602 
Quantity,  unit  of  electrical,  23,  54 


Rail  for  tramways,  third,  526,  533,  535,  804 
Rails,  bonding  of,  809 

—  welded,  810 

Railway,  Electric,  Central  London,  535 

Liverpool  Overhead,  518 

South  London,  533 

steel  conductors  lor,  528,  534,  535 

Rate  of  alternation,  304,  330 

working,  unit,  41 

Reactance,  592 

Reactions,  armature,  309,  369,  446,  471,  476, 
484 

—  transformer,  593 
Recording  ammeters,  145 
Recuperation  of  secondary  batteries,  629 
Reducing  counter  E.M.F.  of  motors,  500 
Reflecting  galvanometer,  178 

—  powers,  773 
table  of,  777 

Reflection  of  light,  654,  768,  769,  773,  776 
Regenerative  flame  arc  lamp,  703 
Regulation,  dynamos,  of,  387,  390,  402,  408 
secondary  batteries,  for,  642 

—  motors,  of,  499 

—  secondary  batteries,  by,  642,  786,  787 

—  transformers,  of,  593,  598 
Regulator,  Brush,  472 

—  Stillwell,  598 

—  switch  for  secondary  batteries,  644 

—  Thomson -Houston,  477 
Relative  resistances,  table  of,  18 
Reluctance,  256,  325 

Remanent  magnetism  See  Residual  mag- 
netism 

Renewals  of  incandescent  lamps,  758 

Repulsion  and  attraction  between  magnetic 
fields,  88,  488 

electric,  6 

Residual  magnetism,  382,  384,  394 

Resistance,  n,  15 

—  alloys,  of,  18 

—  arc,  of  the,  658 

carlxms,  of,  666,  667 

—  battery,  measurement  of,  154 

—  boxes,  29 

—  carbon,  of,  666,  677 

—  coil,  of  a,  262 

—  coils,  29 

double  winding  for,  35 

motors,  for,  499,  504,  511,  521 


Resistance  coils,  voltmeters,  for,  230,  238 

—  dynamo  armature,  of,  effect  of,  401 
commutator  at,  443 

—  effect  of  heat  upon,  19 

—  electromagnetic  voltmeters,  of,  231,  23S 

—  frames,  39 

—  high,  measurement  of,  167,.  179 

—  incandescent  lamp  filaments,  of ,  743,  755 

—  increases  with  length,  20 

—  independent  of  current  strength,  &c,  zi 

—  insulation,  179 

—  internal,  effect  of,  75 

—  joint,  of  parallel  conductors,  26 

—  magnetic,  955 

—  —  of  air,  258 

—  measurement  of,  149 
batteries,  of,  154 

differential  galvanometer,  by,  156 

fall  of  potential  method,  155 

simple  tests  for,  149 

substitution  method,  151    . 

tangent  galvanometer,  by,  150,  1  ^2 

Wheatstone  bridge,  by,  161 

—  relative  and  specific,  table  of,  18 

—  secondary  batteries,  of,  639 

—  specific,  17 

—  steadying,  for  arc  lamps,  678 

—  unit  of,  C.G.S.,  54 
—  practical,  16 

—  variation  of,  with  dimensions,  20 

—  with  temperature,  19 

Resistances,  carbon,  472 
Resultant  field,  368,  498,  .538,  565 
Retardation  of  a  current,  284 
Retentivity,  92,  274,  289 
Reversal  of  motors,  510. 
Reversals  and  alternations,  304,  330 
Rheostat,  ao,  36 

Right*  and  left-handed  helices,  96 

Ring  armatures.    See  Dynamos 

— 'transformer,  575 

Rise  of  temperature  in  dynamo  armatures, 

Rotary  converters,  547 

armature  reactions  in,  548,  549 

Dick,  Kerr,  548 

—  —  torque,  549 
Rotor,  334 

Ruler,  flexible,  use  of,  393 


Safety-fuses,  815 

Saturation,  field-magnets,  of,  384,  393 

—  magnetic,  128,  368,  393 
Scale,  tangent,  109 

Screening  due  to  arc  carbons,  664,  672,  077 

Sealing  lamp  bulbs,  725 
Secondary  and  primary  circuits,  571 

—  batteries,  604 

acidometer  for,  624 

analysis  of  pellets  in,  627 

—  —  application  of,  630 

automatic  alarm  for,  644 

switch  for,  643 

Ayrton's  experiments,  627,  63a,  634 

boiling  in;  630,  638 

buckling  in,  630,  632,  636 

—  —  capacity  of,  622,  637 
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Secondary  batteries,  charging,  607,  624,  626, 
629,  642  ^ 

chemical  action  in,  607,  625 

chloride,  623 

colour  of  plates,  625 

creeping  in,  6xs# 

— ■  —  current  density  in,  629 

density  of  solution,  624,  632 

discharge,  rate  of,  6x6,  622 

discharging,  608,  626,  633 

disintegration  of  paste,  6x6,  635,  636 

durability  of  plates,  637 

dynamos  for  charging,  .642 

E.M.F.  of,  607 

E.P.S.,612 

dimensions,  &c,  of,  622 

efficiency,  638 

—  —  expansion  of  paste,  6x7 

plates,  633 

tall  of  potential  in,  633 

Faure;  6xx 

forks  in,  613 

—  —  forming,  608,  6x0,  61  x,  622 

—  —  Grove  s  gas,  605 

hydrometers  for,  624 

insulators  for,  615 

lead  sulphate  in,  609 

litharge,  6x1^ 

local  action  in,  609 

minium  in,  6ix 

parallel,  in,  62X 

pasted  plates  for,  611 

peroxide  of  lead,  607,  627 

percentage  of,  627 

Plant*,  607 

polarisation  in,  604 

positive  pole  and  negative  plate,  607 

—  —  power-station  type,  618 
recuperation  of,  629 

regulation,  for,  642,  786,  787 

regulator  switch  for,  644 

resistance  of,  639 

solution  for,  624,  632 

—  —  spongy  lead  in,  608 

sulphating  in,  635 

traction,  for,  536,  641 

train  lighting,  lor,  620 

treatment  ofnew,  623,  629 

ventilation  of,  64X 

voltmeters  for,  635 

—  cell.    See  Secondary  batteries 

—  induced  currents,  or,  273 

B.M.P.  of,  298 

Self-exciting  dynamos,  350,  381 
Self-induction,  161,  172,  240,  285,  307,  310, 

372,  444i  546.  553.  555,  561,  588,  593.  594, 

399,  &» 
coefficient  of,  50X 

in  a  choking  coil,  599 

motor-dynamo,  546 

—  —  transformer,  593,  594 

—  —  voltmeter,  249 

— •  wattmeter,  602 

—  regulating  properties  of  motor,  499 
Sensitiveness,  angle  of  maximum,  114 
Separately  excited  direct-current  dynamos, 

380 
Series,  cells  in,  78 

—  dynamos,  381 


Series,  dynamos,  characteristic,  392 

—  —  —  external,  397 

—  -  in,  409 

—  incandescent  lamps,  759 

—  motors,  496,  502,  51  x,  535 

in,  505,  5".  52a.  535 

regulation  of,  499 

—  parallel,  and,  arc  lamps  in,  677,  63 1 
cells  in,  78 

—  incandescent  lamps  in,  754,  759,  788 

—  —  —  motors  in,  503 

—  shunt,  and,  dynamos  compared,  390 
Shallenberger  meter,  824 

Shunt  dynamos,  387 

—  —  external  characteristic,  399 

—  —  parallel,  in,  4x0 

—  resistance  box,  37 

—  wound  motors,  496,  498 
method  of  starting,  498 

—  —  —  series  turns  on,  501 
Shunts,  xx2 

—  for  ammeters,  139,  142 
Shuttle  armature,  306 
Siemens  alternator,  331 

—  dynamometer,  xx6,  600 
Silent  and  hissing  arcs,  660 
Silvertown  testing  set,  197 
Simple  cell,  2,  7,  55,  604 
Sine  of  an  angle,  299,  301 

—  curves.  303,  31  x,  3x7, 3x9,  352, 359,  360,  559 
Sines  and  tangents,  table  of,  104 

Skew  scale  for  tangent  galvanometer,  115 

Slide  wire  bridge,  165 

Slip  in  induction  motors,  561 

—  rings,  316 

Slotted  armature,  326,  329,  332,  437,  450,  483 

for  motors,  496,  510,  514 

Smee  cell,  58 

Sockets  for  incandescent  lamps,  726 

Soft  and  hard  copper,  794 

—  iron,  25a 
Solenoid,  the,  80,  254 

Solution,  secondary  batteries,  in,  density  of, 

624,  632 
South  London  Electric  Railway,  533 

—  —  —  Tramway,  526 

Sparking  at  dynamo  brushes,  372,  408,  44*, 

444.  455,  464.  47ii  481,  484 

—  —  motor  brushes,  498,  546 
Specific  gravity,  624 

—  heat,  223 

—  resistance,  X7 
Spectrum,  the,  652 

Speed  of  dynamos,  effect  of  varying,  404 

peripheral,  331,  339,  359 

motors,  491,  503,  505 

Spherical  candle-power,  672 

Splayed  joint,  798 

Spongy  lead  m  secondary  batteries,  6o3 

Sprengel  pump,  723 

Squared  paper,  270 

Squirrel-cage  induction  motors,  559,  561,  563, 

5*7 
Standard  ampere  balance,  Kelvin,  121 

—  candle,  761 

—  cell,  cadmium,  65 

Clark,  63,  203 

Daniell,  67 

—  lamps,  incandescent,  732 
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Standard,  light,  of,  761 

—  amyl-acetate,  763 

arc,  764 

Carccl,  764 

Fleming  incandescent  lamp,  765 

Harcourt  pentane,  761 

Hefner,  763 

spermaceti  candle,  761 

—  Violle  platinum,  764 

—  resistance,  of,  16 

Star  and  mesh  winding,  327 

Stator,  337 

Steadying  resistance  for  arc  lamps,  678 

mercury  vapour  lamp,  752  _ 

Steel  conductors  for  electric  traction,   528, 

534.  535 

—  field-magnets,  295,  379 

—  hardening,  effect  of;  274 

—  magnets,  armatures  for,  98 

—  manganese,  275 

—  mild,  and  wrought  iron,  267,  379 

—  tungsten,  277 

St  ill  well  regulator,  598 
Storage  cell.     Sec  Secondary  batteries 
Stranded  armature  conductors,  332,  459 
Street  lighting  by  incandescent  lamps,  760 
Strength  of  current  uniform  throughout  a 
circuit,  24 

7",u,mt'  a3'  53 

field,  89,  102,  252 

—  —  magnet  pole,  98 

Striking,  arc  lamps,  in,  649,  659,  682,  684 

Stripping  of  armature  conductors,  dynamo, 

367.  415 

TTTTT  n™tor>  493. 
Substitution  of  batteries,  83 

Sulphating,  635 

Summary  on  dynamos,  480 

Sumpner's  experiments,  776 

Superficial    and    superimposed    magnetism, 

275,  278 

Suspension  of  trolley  wires,  805 

Sustaining  power  of  a  magnet,  273 

Swan  filament,  719,  720 

Swedish  iron,  253 

Switch,  automatic,  secondary  batteries,  for, 

643 
shunt  dynamos  in  parallel,  for,  4x1 

—  incandescent  lamp-holder,  for,  728 
for,  two-way,  759 

—  motors,  for,  519 

—  regulator,  for  secondary  batteries,  644 

—  waterproof,  812 
Switches,  810 
Synchroniser,  554 

Synchronous  and  asynchronous  motors,  550 
System,  C.G.S. ,  52 

—  overhead,  526,  794,  805 

—  three-wire,  580,  788 

—  trolley,  805 

—  underground,  526,  779,  799 

Table,  arc  tests,  carbon  and  iron  rods,  with, 
663 

—  —  —  —  consumption  ofj  680 

—  atomic  weights  and  equivalents,  57 

—  conductors,  780.  781  _ 

—  electro-chemical  equivalents,  57 
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Table,  magnetisation,  indaction  and 
bility,  27  c 

—  overhead  conductors,  795 

—  reflecting  powers,  777 

—  resistance,  relative,  18 

variation  of,  with  temperature,  20 

—  secondary  batteries,  details  of,  622 

—  specific  resistance,  18 

—  tangents  and  sines,  104 

—  trolley  wires,  805 

Tangent  galvanometer.    Sec  Galvanuncw 

—  scale,  109 

Tangents  and  sines,  table  of,  104 
Tantalum  lamp,  742 

—  properties  of,  741 
Target  diagrams,  733 

Temperature,  arc  lamp  carbons,  of,  650,  655 

—  effect  of,  upon  resistance,  19 

—  heat,  and,  223,  7x6 

—  incandescent  lamp  filaments,  of,  739 

—  rise  in  dynamos,  308,  455,  483 
Terminals,  31 

—  dynamo,potential  difference  at, 306, 385,4.1 
Terrestrial  magnetism,  99 

Testing  apparatus,  portable,  180 

—  condition  of  cells,  209 

—  set,  Silvertown,  197 

—  vacua,  725 
Thackwray  washers,  451 
Thermal  and  luminous  rays,  772 

Third  rail  for  traction,  520,  533,  535,  604 
Thomson,  Elihu,  meter,  827 
Thomson-Houston  dynamo,  473 
Three-core  cables,  802 
Three-phase  alternators,  318 

currents,  318 

motors,  558,  565 

transformer,  580 

Three-wire  system,  580,  786 
Tin,  melting-point  of,  8x6 
Torque,  4921  $49»  560 
Total  magnetic  force,  the  earth  s,  99 

—  reflection  of  light,  654 
Traction  motors,  502,  507 

secondary  batteries  for,  536,  641 

—  trolley  system,  526,  805 

Trailer  for  tramways,  526,  530,  534,  535 
Train-lighting,  secondary  batteries  for,  oau 
Tramway,  conductors  for,  526,  528,  805 
fall  of  potential  in,  807 

—  construction,  cost  of,  526 

—  earth-return,  524,  536,  804,  807 

—  feeders  for,  531,  808 
Prescot  pillar  for,  808 

—  motors,  502,  507 
controller  for,  519 

secondary  batteries  for,  536,  641 

trailer  for,  526,  530,  S34t  535 

—  rails,  bonding,  809 
welded,  8to 

—  South  London,  526 

—  third  rail  for,  526,  533,  535,  804 

—  truck  for,  518 

—  trolley  wheel,  806 

wires,  805 

Transformer,  Brush,  579 

—  Faraday,  §75 

—  Gramme  nng  as  a,  577 

—  Varley,  579 
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Transformers,  560 

—  choking  coils  for,  598,  599 

—  core  ol;  573 

eddy  currents  in,  573,  576,  595 

hysteresis  in,  573,  57*.  595 

—  lamination  of,  573,  576,  579 

—  counter  b.m.p.  in,  591,  596 

—  design  of,  593 

—  distribution  by,  597 

—  efficiency  of,  574,  ^93 

—  electric  welding,  for,  585 

—  feeders  for,  598 

—  heavy  currents,  for,  584 

—  impedance  in,  593 

—  inductance  in,  591 

—  lag  in,  588,  590,  593,  594,  595, 6ox 

—  leakage  in,  593 

—  losses  in,  593 

—  magnetic  circuit  of,  573,  593 

—  —  density  in,  576 

—  motor-,  546 

—  parallel,  in,  597 

—  reactance  in,  593 

—  reactions  in,  593 

—  regulation,  593,  598 

—  requirements  of,  576 

-  ril?P»  T  ♦•    • 

—  self-induction  in,  593,  594 

—  Stillwell  regulator  for,  598 

—  three-phase,  580 
Transmission  dynamometer,  540 

—  power,  of,  569 

Treatment  of  secondary  cells*,  633,  629 
Trolley-system,  805 

—  wheel,  806 

—  wires,  suspension  of,  805 

Trotter's  experiments  on  ilfumination,  668, 
Truck  for  tramcar,  518 
Tubing,  internally  insulated,  804 
Tumler  switch,  8v,  813 
Tungsten  steel,  377 
Turbo-alternators,  333 

—  generators,  445,  '457 
1  wo  electric  states,  1 

—  part  commutator,  351 

—  phase  alternators,  316 
motors,  558 

—  —  sine  curve,  317 

Typical  dynamo  commutator,  367 


Under-     and     over-running     incandescent 

lamps,  736,  743.  756 

—  —  —  type  dynamos,  376,  430 
Underground  conductors,  536,  533,  535,  779, 

799 

—  electric  railways,  533,  535 
Undertype  dynamos,  disadvantages  of,  276, 

420 
Uniform  magnetic  field,  100,  138,  395 
Unit,  B.  A.,  the,  17 

—  Board  of  Trade,  43,  818 

—  capacity,  43 

—  conductance,  38 

—  current  strength,  33,  53 

—  B.M.F.,  of,  C.G.S.,  54,  300,  362 

practical,  15,  300 

—  electrical  energy,  of,  41,  53 

—  field,  99,  399,  362 
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Unit,'.force,  of,  53 

—  —  line  of,  99 

—  beat,  of,  334 

—  illumination,  of,  774 

—  light,  of,  761 

—  magnet-pole,  98 

—  power,  of,  43 

—  quantity,  electrical,  of,  33,  54 

—  rate  of  working,  43 

—  resistance,  of,  c.G.s.,  54 
practical,  x6 

—  self-induction,  of,  591 

—  work,  of,  53 

Units,  c.G.s.,  or  fundamental,  53 

—  practical,  14 


Vacuum  pumps,  723 

—  testing,  735 

—  tube  lamp,  753 
Variation,  angle  of,  09 

—  resistance,  of,  with  temperature,  19 
Varley's  transformer,  579 

Varying  voltage  for  incandescent  lamps,  736, 

743,  756     .  1 

Velocity  of  light,  653 
Ventilation  of  dynamos,  339,  331,  334,  335, 

373i  4i8i  45°>  454t  458 

motors,  51  x,  567  m 

secondary  batteries,  641 

Vibration,  effect  of,  upon  magnets,  376 
Violle's  experiments,  656 

—  standard  of  light,  764 
Virtual  e.m.p.  and  current,  587 
Volatilisation  of  carbon,  649,  651,  655,  739 
—  temperature  of,  655,  656,  660,  662, 

668 
Volt,  the,  15 

—  balance,  Kelvin,  244 
Voltameter,  605 
Voltmeter,  Cardew,  22s 

low-reading,  231 

resistance  coils  for,  330 

—  Evershed  moving-iron,  337 

—  Kelvin,  341 

—  Weston,  338 
Voltmeters,  333 

—  alternating  currents,  for,  339 

—  ammeters,  and,  compared,  331 

—  ampere-turns  in,  238 

—  cell-testing,  for,  635 

—  electro-magnetic,  231 

and  electrostatic,  348 

resistance  of,  331,  238 

—  electrostatic,  240 

for  low  potentials,  245 

—  heating  error  in,  330,  336 

—  high  potential,  341 

—  hot-wire,  333 

for  low  potentials,  231 

—  low-reading,  231,  345 

—  moving-coil,  238 

—  moving-iron,  234 

—  multicellular,  245 

—  multipliers  for,  330,  339 

—  power  absorbed  by,  333,  338 

—  resistance  coils  for,  330,  339 

—  secondary  batteries,  tor,  635 

—  self-induction  in,  349 
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